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QUANTUM  TUNNELING  IN  SOLID  HYDROGEN 


occur  for  solid  helium.)  Delricu  imd  Sulliran  predict  b Ihree-patiicle  etcchangc 
rate  I~1  KHz)  in  (tep  Hz  >l  nomiBl  densities.  This  role  is  at  least  four  orders 
of  magnitude  higlier  than  tlie  calculations  for  the  ttvo-particle  exchange  model 

(10-1  -10-^  Hz). 

This  dissertation  has  carried  cut  the  NMH  exi»riiucnts  to  test  the  multiple 
exchatige  model  in  solid  Hj.  The  NMH  experimental  results  are  the  follorring; 
(11  The  HD  impuiilj-  (or  para  Hj|  tunneling  frequencies  are  l.o  KHz  at  lotv 
temperatures  belou*  6K,  J.e..  in  the  otd«-r  of  1 KHz. 

13)  The  luiiueling  frequency  is  pressure  dei»endent. 

13)  XMIl  trauss-erse  relaxation  rtfsulls  are  condsient  with  a model  for  tlie  s-acancy 
motion  wliieh  predicts  that  there  are  two  different  kinds  of  motions; 

a)  ela.sMctd  hoppiug  at  higli  rempetatme*.  and 

b)  quantum  tunneling  at  low  temperaluies. 


CHAPTER  1 
IXTRODVCTIOX 

Thf  re  Rre  two  species  of  hj-dmgen  molecules.  One  is  oi  iho  hydrogen  moU-rules 
witii  tolal  nuclear  spn  / si.  odd  moieculnr  angular  moinentuiu  ( J = 1 ar  low 
temperatures).  The  other  sitecies  is  para  hytlrogeo  with  total  nuclear  spin  / = 0. 
even  molecular  angular  oiomeDtum  (J  = 0 at  low  umpeialures).  Tliere  is  a 
strung  elect  lie  fiuadrupote-qiiadnipole  interaction  EQQ  between  ortlip- lo'drugen 
molecules  in  sobd  lijdrogen.  and  as  a result  the  tuuncling  of  ctrtho'lij'diogeu 
molecules  is  quenched  in  solid  liydtogeu  at  Icav  lenipetatities.  In  c'Uiliast  to  the 
ortlio-liydrogen,  the  spheiically  symuiertir  paia  lydrogens  ran  ntelinnge  pici- 
lious  u-ith  nearest  urighbors  veiy  eaaly  due  in  the  oveilap  of  "aw  (tinrliiuis. 

Do  para-liy-tliogeii  imilecules  eschange  posiliiais  In-  two  iiariii  le  exrliauge  lu 
by  three-  particle  cyclic  excliange  in  solid  hydrogen  at  low  Innpt  taiiues?  Ht»- 
does  one  test  for  tunnelling  of  8 para  hydrogen  uiolerulr.  wliifh  has  total  uticlt-ar 
spin  / s 0.  bt*  XMR  expeiimeuis? 

Does  qtiantuiD  tunneling  occtu  foi  vacaneics  lu  solid  lij-'lrngeti? 

This  diaserlaiiou  is  going  to  answer  the  alnw  qmalions. 

Tlie  dislinguisliing  ptiiperty  of  quautnni  crystals,  such  as  solid  helium  and 
solid  hytlrogeo,  is  the  large  acTu-poinI  motion  of  tlie  nioleeuJes  airtnrt  their  equi- 
librium positions.  There  is  an  appieeiaidc  overlap  of  the  tvnte  fuiictious  of  the 
molecules  ou  nriglilioriiig  lattice  sites,  and  this  all.iws  paitHes  ami  ileferls  surb 
as  vacancies  or  isotopic  impmilies  to  exchange  pusliiuus  willi  uearesl-neiglibot 
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CHAPTER  2 

TUNNELING  IN  QUANTUM  CRYSTALS 


2.1  Oimmuni  Cr'-slnl- 

Qunutum  cryalals  are  deSiit-U  as  crj'aJftls  in  wlucli  the  zero  p<niit  moritm  of 
an  atom  about  Us  aquilihrium  position  is  a large  fraction  of  the  iiiti'nnoleculai- 
distance  Ro.  The  rma  displacement  < ft^  of  molectile.s  is  as  laige  ns  0.33/fo 
in  sobd  He  and  as  large  as  O.lSffo  in  sobd  Hj  at  Uw  leinpiTaiures.  The  large 
zero  point  motion  is  a coosctiueuce  id  the  small  molecular  mass  and  tlie  wiakiieas 
ttf  the  attractive  iuteiaetioii  IsclUTCli  nearest  oeigbhor  molerule^.  Altlunigh  all 
solids  sluav  riuanlinu  effects  to  a ctataiu  degree.  (|tiaiiiiun  ciyslals  intide  fnsii 
the  lightest  eleuwots  (^He,  ^He,  Hj,  Ds.  . . ) liave  spreinl  pmiteities  of  piiiely 
tinaniuiii  mechanical  oripn  that  set  Ihnn  apart. 

2.1.1  Main  Character  of  Uiiaiiliiiii  Cn--tnls 
2.U.1  Weak  lix-alirtilinn 

The  important  property  <if  the  nuanltmi  crystals  is  that  tlie  ronstitueul  aitnns 
lor  molecules)  are  only  weidtly  localized  tviih  reapeer  io  quantum  serif  ptiiut  nm- 
tioii  iZPM].  Beeau.se  the  panicles  linve  only  small  utass.  and  because  tlie  colit-sive 
fotccs  are  very  weak,  the  kinetic  energt*  is  btrge.  ami  there  is  therefore  a lat^  am- 
plituile  of  zero  point  motion  i.c..  the  devimiens  a1>om  tlie  equililniuui  jHisitum 
nrc  a alzcahle  frartion  of  tlie  nearest  neighbor  separation. 

•As  the  molecules  mote  away  frisn  their  lattice  sites  they  tend  to  isicoujiier 
other  atoms  and  experience  strong  repulsive  interactions  if  they  come  close  to  one 


llif  difBculty.  slid  plieiioiiicruolopral  fonns  «i-e  used.  Tli?  fniiiilint  fwiii  i« 
ihe  Lnm«i<t-  Joik-s  potraliiil 

Thf  parnnielcrs  «.ff  are  Hflamunecl  from  expwimeiital  Diaaimenjaiils  of  ilio  ''Itial 
curfficiaiiaof  ja«as\vhicb  are  sandiixe  to  Btoin-atom  acatlnin*  i)ioce»r«.  Tlw 

Lvimaid- Jemps  form  is  iU;ia!iaicd  iu  Tig-  1- 


me  I.  Leiumrd-Jonca  Potpjitial 


The  pwentW  V(r)  h«5  two  cc 


»l  l-(r)  = 0 .1  - =o.  «i.i  < = -IT.o)  = Vp  wl 


e(r,;)"^-rr^andn,eSehr6di,,6«eq™ti,,n 


,4v=»g,;,.T.rT 


i..  Fig.  2. 


As  csp  be  seen  from  tlie  Bj'ure.  tlic  dwatioD  is  as  higli  as  33^  of  tiie  laltire 
s|>ariiift  no  for  tlio  helium  isotopes  aad  as  high  as  1S‘/  of  tlie  lallicr  spHriug  no 
for  hj'tliog<'U.  The  relevant  poteutia)  perimieters  and  length  scales  are  roUeeied 

ill  Table  I. 


, no  = hitiiee  sjMieing.  e 

Tin'  puieiiiial  for  some  of  ilir  lighter  rare  gases  aie  illusi  rated  in  Fig.  3.  and 

The  He  He  potential  is  flat  and  shalUnv  aitli  suiidl  cunaUus'  roiiiimirtl  to  the 
lieu'-iet  rare  gases.  The  amplitude  of  tin'  o'<illntUni  can  tln-iefore  In-  lerge  foi  He 
compared  to  Xe.  This  is  due  to  the  fact  that  Xe  lias  a di'ei>  poteiifinl  wll  teilli  a 
higli  eurvnlme  V'lr)  at  tUebotliMii  of  the  well,  and  liras  a strung  restoring  toiee 
for  small  cerillations  ahont  the  well  mininnmi. 

Tin*  large  2 PM  is  the  unit|iic  chiuneler  of  quantum  solids  and  quant  urn  liq- 
uids. The  fitat  striking  conseqtience  of  the  large  ZP.M  Is  that  the  lielitim  isotopes 


Figure  3.  CoiupanMjii  of  alom-atom  potcutial*-  V(r)  fuitl  spiaad  of  u’avv  fimc- 
rion  pil  fiar  He  and  Xc.  quantum  er^'alal  and  cIbsmIcbI  ci^'atal,  mpeclivviy, 

^He  and  ^ He  do  not  solidify  irillioul  applied  pcessure.  The  (P.T.)  |ilia>e  diagrams 
are  shou*n  in  Fig.  4. 

^^'e  can  see  that  ^He  has  fttur  projierties  whicli  are  direct  consequences  of  the 


ZPhf. 


Figurr  4a.  Plia^*  diagram  foj 

il ) If  is  a Ucjuid  af  T = 0 ftn  appiiftl  pressures  p < 25  atiiitrspluTe*  and  a 
superflnid  fur  T < 2.17  K. 

(2J  If  foiuis  an  hrp  solid  udtli  12  ueareaf  nrig^iliors  for  2j  < P < 1000 
aiQiusiiheros. 

(3)  Tlif  solid  is  /«•  for  P > 10.000  alniesplieies. 

The  prui)ertie«  of  ^He  lliai  are  direct  cousequeoces  of  the  ZPM  are  as  follotvs; 
( 1 ) \ liquid  at  T = 0 for  P < 34  atmospheres. 

(2J  A degenerate  Fcnili  liquid  for  T < 0.3K.  and  su|ierfluid  phases  occur  for 
T < 3mk. 


(3)  A bee  solid  for  29.5  < P < 100  atmospheres. 


Fipjrf  41).  Ph))*-)*  clingrAm  for 

(4)  A hep  solid  tor  iOO  < P < 1000  Atmosplirres. 

(51  A fee  solid  for  P > 1000  Atii)i)s))!K'crA. 

XliA  solid  iK'liums  Ais  Hio  ouly  ciicloctiic  solids  wliich  rjy.stiUlizi'  in  A Ur  plihsr. 
Tins  isdiiwtly  liukrd  to  tin-  ZPM  and  is  pujoly  quaimui;  iiuviiBiiical  in  origiii.l^l 
Anorhar  important  point  is  that  solid  Ltdium  is  tlie  softest  solid  that  omu«  in 
nattim.  Tlie  rate  ^ is  the  largest  for  all  solids,  j.e..  a large  change  in  intcraioinic 
spacing  is  obsers-ed  for  moilciate  applied  pressure.  This  is  illustrated  in  TaUe  II. 


:.l  S»li.l  Hv,lmi;.'ii  On»iit,mi  r.v^tri. 


'■(iO  = 'b  + i;r"(,-o)t.^  + ...  (C) 


=<  r > +i  < />£  >= 
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III  fomi  f<ir  I = 5^.  The  kinetir  piirrp-  of  rh.-  In 


n-l" 


(111 


e„efg5{r)c.;;^,«c.f 

D-  |/‘JT.|  » ir’. 


({r)  + {P.£,))^l  Is  la 


df  r«n  be  seen  in  Fig.  3.  Fig.  6.  nnd  Fig.  T. 


. ill  Tnl.le 


FigurpG.  £ncig\* curv^^foi giinntuui solids.  Thsr)  is rlvposiTioii ofniiiiimnui 
of  loisl  ciiorp-  Slid  iLc  ro  is  ilic  posiliou  of  luininiuiii  of  potoiiti»l  fwi-gj-.  Rot.  41 


iguir  7.  EB(Tg.v  Mtiiation  for  clas»ir»l  solid-  ro  - i |. 


I ci^‘staJ&  results  ui  sev'eral 
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2.1.4  Prnelieiil  Conwoiienres  <i{  Zero  Point  Minion 

Tlie  large  amplitude  zeru  point  motiou  for  quautuai 
important  praetical  cousequenees  ae  foUovrst 

1.  Exienta!  preasuie  is  needetl  to  obtain  lire  solid  phase  for  helium. 

2.  At  Ion*  pressures  it  is  ea.uCT  to  avoid  nearest  neigitbor  eueouniers,  and  tints 
the  hard  rore  repulsions,  if  the  atoms  arranRe  thenisebes  in  a btc  lattice.  This  is 
unique  to  solid  ^He  and  solid  ^He. 

3.  The  pure  single  crystals  of  high  quality  of  solid  He  and  solid  H2  can  be 
grorvn  easily  and  taihdly  ( 1 cni/min  rates  cfui  be  acljier.eti).  The  crystals  are  soft, 
and  in  a sense,  self- annealing.  Tliis  residis  from  the  fact  that  ZPM  allotes  for 
some  re|)airing  of  local  crystal  defects  tery  tpiickly.  It  is  easy  to  unrieistand  the 
lack  of  tlJslocaliuits  and  surface  defects  in  the  quaiituiii  ciyslals. 

4.  Point  defects  or  rstcalici's.  i>f  tht.  ScUoItky  type  slitmld  be  highly  mobile 
since  tliere  will  be  a liigli  jirobabilii}.  tltat  an  nlniii  with  its  zero  ixtiiit  m<iti<m  will 
move  into  a vneant  site.  Tlus  nioikin  results  in  an  efftnive  qiianiiun  meebaiiirai 
tunneling  of  tlie  atoms  through  the  err  staU.  The  vneaiicies  are  tlietefnn-  liclo- 
eaiized,  they  are  uof  to  be  tegarrled  as  jjoint  diflvts,  and  they  slinuld  projmgate 
as  warxsi.  Tins  smeaney  wove  molimi  has  beeu  souglit  for  bj-  N*M1?  experiments 
wUieh  are  very  sensitive  to  the  uiotirm  of  atuuis.  Tile  experiments  before  ours 
have  not  been  snfBcienlly  precise  to  dislinguLsh  between  the  quaiirnui  Umueling 
and  the  classical  hojiping  of  racaiiries  in  tlie  quantum  crystals. 

5.  The  large  ZPM  and  the  haivl  atre  laiteniial  established  the  strung  cor- 
relation between  the  atoms,  and  this  results  in  the  particle-particle  exchange  in 
a coherent  matter,  i.e.,  multiple  ejclie  peramtaiioii  rather  than  pair  exdrangc 
dominates  the  exchange  pisicess  in  the  quanimn  erj-stab.  We  will  discuss  this  in 
derail  later. 
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C-  Thr  Gnu&biaii  npproximatmii  only  csii  beusi'<i  tod<f  lU<?<*uc‘rgj*  CHlnilniioK^, 
and  it  cannot  be  use  to  calculnte  tlic  oteilaii  of  tlie  wav-e  functions.  A new  iLeoiv 
is  needed  to  carry  this  out . 

the  quantum  solids  can  lie  surrunaiiaed  os  foUow's; 

(1 ) Tlie  kinetic  energy  (T)  is  comparable  to  the  maguitude  of  tiie  jiotential 
energ*  [{V)l'  minimum  in  the  total  energ-  = (r)  + (i')  occurs  for  talues 
or  r > rq.  the  mininium  of  i2)  There  is  a large  spieading  the  wove  function 
and  the  particles  ere  poorly  localizt'd.  i.e..  there  is  a large  amplitude  of  zero  pniut 
mol  icon  resulting  in  a quant  ulu  huuieling  motion  in  a coherent  matlei. 

And  tlie  qnraii  urn  nysiaU  ilicicfoic  aiipcat  to  lie  lev.  dense  than  it  llicy  were 
behaving  classically. 


?.2  Retie'v  of  Tuiiiifliiia  in  golid  Hr  and  Para  hvili.ut.si 
\Ae  Lave  seen  abcoT  that  one  of  the  most  diamaiic  coiiseqticucis.  of  the  rxno 
point  mutiuii  iu  qnontuni  ciystals  is  the  iiarliele-iiartlele  ettehaiii;.  whose  rale  is 
ptoporiioiial  to  tile  overlaii  of  the  tvavr  fmietioiis. 

The  exchange  meihani-ms  in  qiiantmn  crystals  ate  very  different  from  iLos.. 


atoms,  tlfctroiis  and  nuclei,  exchange  placia.  Sucli  exchanges  arc  domiuatetl  bj- 
llirec  or  four- particle  cyclic  permutations  lalhei  than  two  -particle  exchangs'.  i.e., 
such  exchanges  occur  in  a cohereut  matter  to  minimize  the  exchange  activation 
energ'  and  to  satisfy  tlie  Hmitetl  free  apace  iu  the  quantum  rryatal  To  illustinli. 
this,  tliiuk  of  the  following  picture.  Suppose  you  ate  traveling  at  ruali  hour  in  l)y* 
subway  —the  crowd  ia  so  dense  that  people  can  haidly  move.  It  is  iimclirally 


01  w»ve  fuudious  - R.)  = expl^.-l(,  - 7?,)^!  vcm 


found  to  bp  latgpi'  than  the  Cuiir-VVrUs  lav  befov*  10  mk.  It  was  also  dJscm*' 
ercd  that  tlic  tcansiticin  to  the  ordei*etl  uurlcHr  apui  slate  wa«  first  order,  wliicli  is 
opposed  to  llic  second  order  trausiciou  predicted  by  tlie  Heisenberg  model. 

Because  the  paiivisc  exchange  model  failed  at  low  temperature,  we  need  a 
better  theoretical  model  for  tlie  exchange  in  qtiamum  crystals. 

2,2-2  Calailatinii  of  Triple  Exclinnee  in  Dense  hen  ^He  and  Para  h'  tingi-ii 
A short  time  after  the  observation  of  the  magnetic  ordering,  Heiheringtm  and 
WillardI**  showed  that  large  ting-exebange  let  ms  ran  account  for  the  first  oiiler 
tianaition  at  1 mk  and  give  qualitatively  the  shape  of  the  phase  diagram,  Roger, 
Hefheriugon,  and  Delrieu^^'^^*  found  lliat  tliey  cotdd  account  for  the  unexpected 
cfsnlts  for  the  ordered  states  of  solid  if  they  introduced  thiee  and  Siur 

and  N.S,  Svdiivan*'  extcndevl  the  motlel  to  stflid  jHira-liydmgeii  and  exp'rtvnl  an 
exchange  trcqueiicv  as  high  as  1 I\Hz  to  tvmipare  with  10”'  - 10”'*  Hr  expeeteil 
by  the  pairwise  cxcllange  model,  vvhicli  needs  to  be  tested  by  expeiimenis, 

Wc  will  now  contitler  tlie  umJtijtle  exebange  in  more  detail,  lu  tlie  ring  ex- 
eliangc  dcmoustraled  in  Fig,  8,  Ibiee  atoms  initially  localized  near  sitrs  i.JA\ 
cycle  in  a tloekwisc  or  counterckjckwiae  fasliioii. 

The  exchange  cate  at  whicli  tins  penmiialion  occurs  is  Hmiled  l:y  llu*  siiuiig, 
repulsive,  short-range  inieiartious  between  tlie  permuting  atoms  in  tlie  midway 
liositioii  (shown  by  tbe  dotted  ciicles)  and  tlie  JK'aiCsl  neigblKUs  of  the  surromid- 
iiig  atoms.  The  interaction  of  peruiulHtiuu  is  described  by  an  effective  ixileinial 
I,//  and  it  limits  the  path  to  a narrow  duct  (Fig.  12 J in  tlie  eonfigiiratioii  simee. 

In  file  3N -dimmsioiial  coiifiguratioii  space,  the  orhilal  wave  function  o(r). 
f = (ci,^,  • ' ' - Fv),  lakes  ai>iircciable  values  oniy  when  each  particle  i is  near 
its  lailire  ate  H/,  We  give  tbe  muue  "cavily”  to  a rcgimi  of  configuration  sjiaee 
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where  the  probabilitj  S^(r)  foi  llie  wi>e  fuuctioii  is  liijh.  Foi-  a fj-aiem  of  .V 
ideorica]  but  distinguishable  pailirles,  there  are  A'!  ways  to  assign  A*  particles  to 
A*  lattice  sites.  Thus,  we  define  A'i  cavities  f2jj,  each  containing  configurations  in 
which  each  particle  r is  near  the  lattice  site  Fp(,-). 

These  cavities  are  connected  by  regioiLS  of  small  but  finite  probability  for  the 
wave  function  called  “dnct.s.“ 

In  order  to  determine  the  potential  l*,yy  during  the  cyclic  ring  exchange  wc 
adopt  the  Delrieu  and  Sullivan  ruudel.  iVe  consider  three  alcum  tunneling  in  tlie 


(ol:  2-pertiek 


U 1.5.  Thp  lUrcF  permuting  atoms  in  the  eentct  of  the  figure  arc  maiinaiued  at 
the  equilibrium  distance  Be  from  each  other.  They  turn  on  a circle  of  radius 
Bq/^,  The  three  surrounding  alonis  shou-n  in  bold  face  are  the  aiorus  iu  which 
interact  strongly  with  the  cychng  atoms  during  the  permutation.  We  consider 
the  'adiabatic"  limit  in  which  the  surrounding  medium  (beyond  the  bold  faced 
atoms)  can  deform  elastically  in  order  lomininuze  the  total  potential  ener©'.  The 
obvious  cottsrraini  is  that  the  atoms  in  I lie  immediate  neighborhood  of  the  cychng 


The  A*oluuje  tahen  up  b;*  the  exchnu^ng  ; 


fto  = (5)’So  (106) 

which  is  the  height  uf  the  cylinder  rtrcupied  by  e&di  etoni  m erjiiJljluiuui  iu  rhe 
hep  lattice. 


ro  = -^i^  = 3r„,  (17) 

w-Leie  r,n  is  the  mular  vulunto.  The  hicrco-sc  in  tultuue  re^uirctl  during  tlte  cx- 


Al-  = V - Ij)  = T/?^ho-  lb=  1-211  Ml-  (IS) 


Tlxc  elFrctit-e  potential  eu-ngt'  can  be  obtained  bj* 

«-  = y'''*  i’dr  = -/'Ar4i(Ai-)V'b-  (i3i 

whiTT  P b the  pip«aurc  and 

d = -i^ 

V dP 

b the  conipressilnlily  at  T = 0.  Dehicu  nntl  Stdlivnu  userl  the  rxperiiuriital 
values, I'*  'll  the  error  bar  of  tlie  rxpeiimenrs  Ir^ives  an  uncertainty  iu  tlie  tnliu- 
of  if,  and  this  will  effect  the  rcstdts  of  calculation,  but  they  will  be  good  to  an 
order  of  magnitude. 

•Assuming  the  effective  potciitini  iu  the  configiuation  space  \,/f  wliich  is  le- 
latvd  to  the  if'  iu  equation  (19)  cau  be  mitten  as  Fig.  10. 


fonu  for  the  one  i 


;=S-'.=-^  - 

^ (ij  -°o)  = ^ (231 


The  luimrlins  HamilioiiiaD  is 


H = 

where  Fiji  is  Ihc  corresiKnuliag  lhr«-particlc  rjclic  penDiitntioii  opnatoi.  The* 
exchanse  Icnglli  L is  the  sum  of  ilie  sejuare  of  ihe  <li<|iliif«UTOls  iu  Fig.  5 wifl 
Tlic  displacements  are  cuotribuled  by  (a)  the  motion  of  tlic 
three  exchange  atoms  as  they  move  oa  a circle  of  raditia 

ifl-\no)  = Fa/>/3  (2J) 

with  an  wigular  displaceiueut  tc/3,  giting  and  (b|  the  di-place- 

mem  of  the  suTTOuiiding  atom-,  essentially  that  of  the  three  bold  faced  neigldiurs 
iu  Fig.  8 which  each  mute 

= 125) 

]u  ocdec  to  tahe  into  aeeoual  the  compressibility  of  the  surroimding  nieilitun-  tlii- 
is  reduced  to  O.S^.r.  The  total  )»alli  leugrh  in  the  conflgurnriou  sj-nce  is  tlicrcf<,re 

i = [X^-l-3(0.Se.r)V  = l-2i?u  (2G) 

Calcuhitiiig  £ for  o givt-n  Fq  (i.e..  a giecn  density)  and  iiaing  tin*  < xperiuir'utal 
data  fin  tlie  cianpiessihilily  wv  can  find  Af  and  llien  ; and  evaliialr*  tls*  exiiiniinc* 
fretjiienc}  £3  for  3 particle  ring  exchange.  The  results  of  the  ealcidiiliirn  foi  soli'! 
^He  are  slunvn  in  Fig.  10  iuiil  com|>ared  with  the  exptTimenlal  tsdiu's. 

The  agreement  is  remarkably  good,  given  tin*  assumptions  made  in  the  model. 
Let  us  move  to  another  candidate  of  quonttim  crystals  - solid  Itydiogen. 

ISlmiuduelion  to  Soli.l  Hr 

Sohd  hydrogen  is  8 reuiaikable  -njbjecl  for  stu'ly  from  hoilj  theoretical  and  ex- 
perimental viewpoinis.l'’'  The  origin  of  this  intcicet  is  that  both  the  iranshiiionol 


at  low  Icmporatiires].  Tlie  other  species  is  para  hytirogen  e'ilh  total  ourlear 
spin  / ^ 0 and  even  ntulecular  ajigular  inomcnttiii]  J ~ even  (J  = 0 at  low 
tempcratuies).  Tlieie  is  a strong  (juadrupole^titia'lnipoie  EQQ  interaction  be- 
tween urtho-hydeageu  nioleculos  in  solid  hjdrogen.  The  ortho-hydrogen  whose 
molecular  axis  can  have  a preferred  orientation.  Quantum  merbauics  gives  the 
probability  of  finding  a particular  orientation,  aud  allows  that  the  oilbo  molcnde 
orienlationaJ  slate  ciui  be  described  by  the  shape  of  an  ellipsoid  (Rg.  14)in»-hick 
the  length  of  a vector  from  the  center  to  a point  on  the  eEipsoid's  surface  rcpie- 
scnlB  the  probability  that  tin- ortho  molecule  is  oriented  parallel  to  the  vector.  At 
high  temperattires  there  is  no  preferred  orientation,  the  molecules  are  disordered 
as  far  as  their  orientations  arc  concerned  because  of  the  ihenua]  motion.  At  low 
temperatures  tiic  oricDiaiknis  will  be  determined  by  tiie  eoufigiuuiinus  ilun  mini- 
mize  the  quadmpole-  quadrupolc  iiiieriictions.  Fm  Iwo  isolated  qiiatbupoles,  llie 
miiiiinuui  energy  configuration  is  a T shape  (Fig.  15)  in  which  the  r|uailru))oles 
are  mutually  perpinrbcular. 

In  contrast  to  ortho  hydiugen.  tlte  para  hydiogcn  can  be  regarded  as  • et  m- 
nietric  sphere  as  far  as  the  orientational  degrees  of  freedom  are  concerned  Ixwaiise 
all  llie  orieulalioiis  of  the  para  uiolecnlat  axis  are  eiinnlly  probahle.  At  hnr  ti  m- 
peraliues  tiuce  eases  can  rtecur: 

1.  When  the  conceatiMlion  of  ortho  hydrogen  i > 555f.  the  long  laiige  ori- 
emalioiially  ordered  phase  will  be  formed  as  in  Fig.  17  by  the  strong  EQQ 

2.  The  degi  cc  of  long  range  order  will  be  reduced  by  o placing  ortho  uiolerules 
with  spherically  symmelrie  para  molecules.  WTteii  r < 55»  a short  taitge  or- 
dered aud  frustrated  phase  — A quadrupole  orieirtation  glass  phase  wiU  be 
observed"’  l»i  as  shown  in  Fig.  17  and  Fig.  IS. 
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(ol  Minimum  Energy  (b)  Meximum  Energy 

Fijurc  13.  Configurations  of  it  pbir  of  inloracriug  axiitl  quadrupolibt  for 

3.  At  bxri^mc  low  ortho  coiimitration.s.  for  example  x — I'X.  the  aifiterioal 
siuuiietrir  paia  hjxlrtigni  will  doniiiiaie  the  behavior  of  solid  hydrogeu.  and  the 
short  range  order  and  the  frustration  effect  will  lie  extremely  small.  The  low 
concentration  ortho  moleeules  will  exist  as  ortho-impurities.  In  this  pure  para 
hydrogen  region,  the  fast  quantum  tunneling  effect  will  be  obsious.  In  contrast  lo 
para  hydrogen,  the  motion  of  ortho  molecules  is  qiiencbed.  This  quenching  result •• 
from  the  fact  that  the  ortho  molecule  is  not  spherical,  it  is  slightly  ellipwudal 
and  has  a small  electric  quadnipole  momeut  and  therefore  inleracis  with  other 
molecules  via  electrostatic  quadrupole-quadrupole  interactions. 


(27) 
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Figurp  17.  Long  laiigp  oripnlntional  ordering  of  oitlio-hydrogeii  molecules. 
(Onl}'  2 sublartices  of  a Imrizunlal  plane  of  the  4 sublatlice  Poi  structure  are 
sbovii.)  Ref.  24. 


Figure  18.  Short  rajigequadnipolnc  glnssorderiiig  at  lute  ortho  coucenlratione. 
The  local  quadruj;olar  parameters  vart*  at  random  from  site  to  site.  Ref.  24. 

can  satisfy  the  conservation  of  energv-.  The  tunneling  of  ortho  molecules  is  there- 
fore severely  quenched  for  j-  > 0.1^5.  Because  we  want  to  test  the  quaniuiii 
tunneling  model  in  aohd  hydrogen,  we  concentrated  our  interest  on  pure  para 
hydrogen  or  very  low  ortho  hydrogen  contents. 


3.0- 


TUc  term  V1j-/(u)  - ij(i;)|  is  Inrge  when  si  “time”  u psiticle  i and  j ate  close  to 
each  other,  (that  ia,  comparable  to  the  iiard  eore  radios),  and  be  concluded  tliat 
the  interaction  among  particles  is  "kinetic"  rather  than  “potenliid'.  He  found 
that  the  partition  fujiction  for  low  temperatures  has  the  form 

• piR\.Ri J?„)d’j7id’fJ2 (20) 

where  PR,  is  the  ixisilioii  after  permutation.  Frtnn  this  partition  ftuicriim  uv 
can  see  that,  because  of  the  term  — explj^jt^i  “ the  lar>(e  distance  nuitioii 

Old}-  makes  a terj-  small  contriln.lion  to  the  total  pnHition  fnaction,  and  it  is 
nesliphle.  We  can  tlierefore  only  ciaisiilcr  the  ncriest  iiciglilxa  exclmiigr  process. 
Feyiminn  also  made  a further  stntenieut  that  r peiiuutaiion  :unoi,g  jtarficles  can 
he  visualized  as  a polygon  with  arroivs-  The  exanij.le  slarvn  in  Fig  11.30  of 
ret.  17  conaisis  of  several  cycles  of  lingtli  1 (|iarticle»  are  not  pcniiulHted),  one 
cyrie  of  length  2.  and  two  cyeles  of  Iniglli  3.  Fo}-ntiia;i  ai  giicd  again  that  at  Itnv 
tcTopeiatures  a side  (of  a polygon)  longer  than  the  avciage  interatoiidc  clistanee  d 
is  not  important;  thus  werniiy  assume  tijat  the  sides  of  all  ))oIygons  I hat  eontrilmte 
have  leogth  of  order  d (that  is  llie  neairsi  nrighboi  cyrlir  pennuliilioiil).  He 

mentioned  that  given  a parlieidai  ronliguralion  iPi-Ri ^.v)  Itmomaiions 

should  Ire  reslrirtetl  to  be  surli  tliat  /?,  and  PH^  are  close.  The  eoiielusioii  is 
olitSous  that  the  mnltlplc  cveUe  permutation  model  is  consistent  wifli  Fcviuuan’s 
path  integial  ntelliod. 


In  the  Dehieu  and  Sullivan  modci,*"l  tlie  obsen-rd  iiariowing  of  the  NMfl 
line  aliapra  of  HD  impurities  in  sohd  para- hydrogen  is  inlerpiTied  in  let  ms  of  a 


molioual  narrcm'iiig  effect  due  to  qiiuntuin  ttmoeUng.  TUs  uuiJel  is  successful 
in  describing  the  dt'i>endence  of  the  HD  line  widlii  on  the  oitLo  hydrogen  con- 

midinstood  in  terios  of  current  views  of  tunneling  in  quantum  solids  which  pre- 
dict that  threc-hody  cyclic  permittatioiis  duiuinnte  the  tuuneliug  jiroresses  in  hep 
^He  and  H2. 

In  solid  iwra  hydrogen  {or  lotv  ortho  conceu(ration)  para  hydrogen  will  ini- 
dergo  (|uimlum  tunneling  in  llie  three  particle  cyclic  pcrmiitaliou  model.  How- 
ever. the  para  lij-drogen  exchange  freiiueiicy  cannot  be  ohsened  hj-  .N'MIl  cjtix'ri- 
meuts  because  the  para  hydrogen  total  nncleat  spin  / = 0.  HD  molecule  is  a good 
candidate  to  represent  tlic  para  hydrogen  molecule,  Itecaiise  (1)  it  has  a .splieri- 
cally  aymnieiiir  wave  fiuinion.  and  (2)  with  proton  nuclear  spin  / = j.  it  ran 
be  observed  I)}-  NMH.  The  exchange  motion  of  HD  niiilendis  with  nearest  neigh- 
bor para  hydrogen  molecule),  can  therefore  he  investigated  bj-  XMR  txjK-iimints. 
Dw  temperatitre  XMR  cxperhuentsl’*  '*!  on  HD  (400  ppm)  and  oitho  Hj  (0.1 
- 4 at  %)  in  stdicl  pata-H2  have  revcalcl  the  existenre  of  a signifirant  hith'-rto 
unsuspected  uioxxancnl  of  llie  moh'cuies  in  solid  hep  lij-drogfii  at  veiy  htw  t«‘in- 
peratures  {T  > 20  niK).  The  proton  XMR  hue  shajics  of  the  HD  biiimrilits  an- 
apparently  Lorentjiaii  and  Iiave  a teuiperalnie  iiidepemhiit  line  svidtli  at  least 
five  times  smaller  than  that  calculated  for  a rigid  latiiee.  This  suggests  tliat  iIk- 
HD  line  shape  is  naitiavcd  liy  some  mechanism  which  iiioilulaies  ihediixilc  dii«ile 
iuteraetjons  hetwetii  tltc  HD  molecules  and  the  oHhu  H2  molcenles.  Xevetthe- 
iesa.  the  Imewidllis  of  lire  signals  attrihulcd  to  isolated  ortlio-H2  molecules  arc 
not  uaitowcd  and  any  mechanism  used  to  exidaiii  the  molioual  narroa-iiig  of  the 
HD  SIKCIIP  nmsi  he  effectively  qiin:  he.  '.jr  the  oilh  i-H2  inoleculea.  These  proji- 
erlies  cim  : • 1 ;.liTstood  in  terms  of  e i.vgc  three  body  c _vclic  penuuiation  rale 


anti  SuJ)i\7iB  calculatad  the  tiuinaling  freqiw'ncj'  b>'  two  molbods  as  follon's; 

for  solid  ^He  as  a scale  to  estimate  llie  frequency  in  solid  Ky,  As  stated  earliee  if 
the  three-  particle  exchange  model  detvlojied  so  far  has  aiij*  validity,  it  shouUl  he 
able  to  apply  to  another  member  of  quanttun  crystals  solid  para  Itytlrogen  beside 
tlte  solid  He.  We  consider  solid  para-hydrogen  rather  than  ortho-hydrogen  to 
avoid  the  difHcidties  associated  with  the  additional  degrees  of  freedom  associated 
with  the  rotation  of  ortho  molecules.  Para  ntoleeules  hove  the  symmetry  of  .spheres 
and  their  tunneling  can  be  liealed  using  llie  above  model. | Since  the  tumieling 
rate  depends  essentiall}'  on  the  available  free  voltmie  for  jieruiuting  particles,  wt 
expect  that  the  rate  tor  three  particle  eyelic  permutation  will  be  llie  same  in  solid 
para-hydrogen  nnd  solid  hrp  ^Ke  when  the  ratio  Ro/a  is  llie  sauie  for  boili  solids, 
where  Jfc  is  the  lattice  spaeiog  t>  is  the  ehatsrleristir  length  of  the  Lennard  Jours 
potential  [1  (ir)  as  0]  and  o = O.S36Sa  is  ih<*  hard-core  diameter.  Sec  Table 
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2.90 

2.477 

1.42 
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1.42 

24.95 

0 

Tlius  if 


I = = ia.l  ciVoiol- 


d.  In  this  raeo.  Ihr  tn 


Thf  expCTimrald  snlues  of  /(’ff.)  for  An;.  soUd  ^He  givro  in  Fig.  32  .rf 
is  of  IliP  ordor  of  kHs  at  drastj  15  < V,„  < 17  cm’ /mol.  Tliis  result 


plil-sics  of  tonneUng  in  solid  ’He,  in  m 


)-  for  hep  ’He  for  a (vide  range  of  densities;  they  use  thi-  same  foremla 
yer  and  find  that  / =:  0 KHz  at  P = 0 .ind  ,7  130  Hz  at  P = 100 
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with  increasing  density.  Can  HD  mnlecules  rt*pros*‘nl  para-liyrlrngen  uKiIrcnles 
in  solid  para-hj-drogra  (or  an  KMR  experiment?  To  answer  this  qiiesti'in,  wv 
need  to  estimate  the  cyclic  permutation  frequency  of  one  HD  mojecnle  with  two 
para  Ky  molecules.  The  potential  V between  the  HD  molecules  and  a para-Hy 
molecule  is  the  same  as  that  between  two  para-Hy  molecules,  Netcrtliclesa.  the 

this  leads  to  two  opposing  effects  for  the  effective  potential  dC  iu  eqntttion  20. 
The  zeio-pdnl  motional  deviation  of  an  HD  molecule  is  reduced  Iq*  a factor  of 
compared  with  para-  -hydrogen.  Tlie  para  Hy  molecules  surTtmndiiig  mi  HD 
impurity  have  ntorc  at-ai!nble  apace  for  thrir  own  seio-point  motion.  The  com- 
pressibility of  the  para-Hy  around  an  HD  impiu-ily  is  ihcrefoie  larger  lhau  that 
of  pure  para  Hy  and  f't'  is  therefore  exi>ccted  to  decrease  slightly.  On  llic  otluT 
band,  the  larger  mass  of  HD  is  equivnlcnl  to  an  increase  in  the  |tacli  length  L for 
the  exchange,  each  dUplacemciit  being  weighted  by  the  mass  of  the  corrcspsmiling 
atojii  in  Schrikliuger's  equation.  The  total  mass  of  the  excliaii^iig  lunticli-s  (two 
para  -Hy  and  one  HD  ruoleculel  is  7 in  eonlrasl  to  the  value  0 for  puir  i>ara  Hy. 
The  length  i is  iuneased  by  a (atlor  Tlie  value  of  j x eiiliTiug  in  llie 
calrnlnlioii  of  the  tumieling  frequency  tlierefoic  changes  only  slightly  (~  5'/)  for 
HD  impurities  due  to  tlie  ojiposing  varintioji  of  L mid  fit*. 

2.0  Oh-enatinii  of  Ouantnni  Tiinm-lint  in  S.Jid  Hi 

and  the  hnofiriaiiee  of  Hs  Studies 

2.0.1  Iminiritv  Motion 

In  the  abine  analysis,  we  understood  that  tlietim]ti|ile  exeliauge  model  works 
well  for  solid  He.  If  this  new  theory  wv>rk*,  it  should  work  (oraU  quantum  crystals. 
Therefore,  the  obscrstiiioit  of  quaiitiun  tiutneliug  in  solid  para  Hy  becomes  a 
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mjcicl  le?»t  of  the  mulripIe-excIiBuge  uiotlel.  To  (ilxrve  tlie  qunntum  luoiieliiig 
frequency.  NMTi  exiterimcntfi  bectmic  a potvcrfiil  ami  reliable  tedinique. 

2.0.2  \acanrv  Motion 

Bct'idee  the  impurities  in  solid  piiro -hydrogen,  there  exist  vacancies,  as  va- 
cancies exist  in  any  kind  of  sobd.  We  know  that  not  only  point  defects,  but 
dislocations  and  plane  defects  also  exist  bi  any  kind  of  sobd.  tlie  large  zcn>-poiut 
motion  determines  that  the  ctuautuni  crystals  have  the  property  of  self- annealing, 
i-e..  the  line  and  plane  defects  can  be  removed  easily  from  the  quanlujn  crystals. 
Tlie  point  defects.  speciaUy  vacancies  tvill  play  a majtrr  role  in  the  rpianium  erys- 

and  the  density  of  vacancies  .V 

.V  = „/.V  = expl-tty/A-sT].  (33) 

v-hen  II  is  the  number  of  vacancies  in  the  ,Y  jiarliclc  system.  <6y  is  tlie  fonnatimi 
^eergy  of  vacnacy.  Whereas  in  the  clas.sical  soliils.  the  tlefi*ets  can  lie  regarded 
as  localired  objects  which  move  only  occasiomdl>-  Ijy  lli.-riiial  excitation  over  in- 
tervening potential  energy  liarricrs.  the  defects  trill  Ix'come  tlelocabrcd  in  the 
quantum  -sobds.  and  -•kndnw^'l  has  predicted  that  ihej-  tviU  move  ihmugli  the 
crystal  in  a coherent  uiamtcr  bj-  quanluni  immebug.  There  arc  two  different 
kinds  of  vacancy  inotioiLS.  (a]  classical  hopjiing  over  tlie  pnieiilial  baniers.  and 
|b)  quantum  lumiebiig  tlirougb  potential  barrier.s.  To  observe  the  existence  of 
the  two  (bffeient  \-acancy  niotions  in  solid  para  bytlrogen  is  anollirr  objective  of 
the  NMR  studies. 

2.D.3  Pressme  Dimcndeitcc  of  Timnelinir  rreimencv  in  Solid  Para-livflroeen 

The  multiple  excliauge  nuKlel  prediefs  a laige  pressure  de]iendence  in  qiiantiuu 


crystals. 
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The  obscn'Aiion  of  llie  prepuce  dependence  of  the  HD  impurity  lumieling 
fretjuene}'  will  he  a tieveiv  test  for  the  multiple  exchsuge  theory,  and  such  an 
obwnwtioD  will  also  provide  more  information  to  improve  the  new  cyclic  pcniiu- 
tatioQ  theory  in  detail. 


CHAPTER  3 


NCCLEAR  SPJX  RELAXATION  IN 
THE  PRESENCE  OF  TL'NNELING 

3.1  Ovff'-if^  of  Ilir  RrluxBiioii  nf  HD  Imimrilir?  ill  Soli.l  Hi 
Tbr  idea  of  NMR  obsm*ations  irf  fimiioliny  in  solid  H2  was  disrussed  bj- 
Siillivnu  ami  Delricu.l"-^! 

The  first  liiiil  of  a hJllierto  unsuspected  mot  lot;  in  solid  H2  came  a couple  of 
years  earlier  than  the  iutnxiuctitm  of  the  imdtiiile  exchange  model,  Horst  Mej-er 
and  his  aludenisl’*!  at  Duke  observed  an  unexpectediy  narrow  NMR  alssnrption 
liuctvidlh  associated  with  HD  impurities  (400  PPM  couccntratinn]  in  solid  |>arH- 
hydrogen  (with  ortho  coocentratioii  in  the  nuige  0.5'  3'/4  ), 

The  HD  NMR  liiiewitlths  tveie  oljstTwd  to  he  five  time  magnitude  suialler 
titan  the  cnlnilalod  rigid  lattice  values,  while  the  line  sltajies  atirilmtrd  to  isolated 
ortlio-H2  molecules  ap|iateutly  hod  their  full  rigid  lattice  width,  [The  para  H2 
molectdcs  with  7*0  have  un  nuclear  magnelism.)  The  HD  line  sliapcs  were 
Loreiitrian  to  a tery  good  apinredniation.  Delrieu  and  Sullivanl''!  interpreted 
the  narrotv  HD  line  sha|ie.«  in  lenivs  of  exchange  motion,  the  HD  impurities  be- 
having as  pnmiei>  to  para  H2  mtdrvult*s  iu  luidtiple  exchange  [mKcsses.  The  HD 
molecules,  carrying  nuclear  magnetic  moinents.  seive  as  "tagg.xl"  halls  to  follow 
the  exchange  motion  of  para  hytlrogeti.  ,4s  the  sucresave  3-hody  exchanges  oc- 
cur, the  HD  molecules  diffuse  throngli  tlie  lattice  rapidly  in  a coherent  manner. 
The  magnetic  interactious  between  the  HD  iiujiuriiies  ami  theortho-H2  lanlecules 
is  mocinlated  by  the  motion,  anti  the  time  atviage  of  the  interactions  rcs|Xjnsible 


Ibr  Ihe  NMR  liiifnidlh  is  rcducwl  «-ilh  KSpoet  to  tilt  rigid  Isttice  \sliip.  This  is 
an  exaniplt  of  molional  oarroiving  of  tht  NMR  lint  shapes  due  lo  the  quantum 
limneliug  of  the  impurities.  The  motion  of  the  ortho-H2  molecules  is  quenched 
because  of  theenerge*  cim.«ervation  Imv  as  we  discussed  in  the  section  2.3.  This  can 
explain  why  the  NMR  spectiiuii  of  tlu*  isolated  ortho  molecules  is  uot  motionslly 
narrowed  even  through  the  HD  spectrum  can  be. 

To  interpret  the  NMR  data  we  need  lo  fomiulale  the  quantum  tuiuteling 
of  the  HD  molecules  through  the  lattice  and  their  collisimis  with  tlr  oiflio 
molecules.  .As  a result  of  the  tuiuieling.  the  HD  moleeiilea  air  drlrsealirerl  and 
migrate  through  the  crystal  by  repealed  cyclic  perimitolioDK.  The  good  quiiniuni 
Dimibei  hi  this  case  is  the  wave  vector  1-  rather  than  the  position  ftt).  Tlieenerg}- 
dispersion  is  pven  by 

£a-)  = hJ,Y.j'^-^  (34) 

where  J,  is  llic  tunneling  freqia'ucy.  The  group  velocity  lor  the  luotion  is  V,  = 
||^|  = ZIloJi.  wlieir/fo  is  the  lattice  spacing  and  2 isllieeo  ordiinrtinii  iiuiuhiT. 

The  HD  impurities  will  thffuso  through  the  lattice  until  scattered  Ijj*  Imtire 
imiierfecliiuis.  The  principal  source  of  imiwifeclioiis  will  be  the  elastic  stniin  field 
surtouinliiig  the  -sialic"  ortho  niolcvules.  The  strain  field  (at  lung  dislaiicesl  is 
assumed  to  be  of  the  foiui 

= £o(f?o/ffl"  (3.j| 

wheie  n a G for  classical  strain  fields.  C'o  is  aiiimixiioatcly  10  ink.  Tlie  dislaiici' 
of  elosesi  approach  will  he  7?^  h:  7fo(£'.irarn/''Jl'^".  There  are  two  tliffeieut 
rrgiiucsi  one  is  the  W ortho  eoneeulralion  legiiii'.  i.e..  gas  like  regime,  the  oilier 
is  the  high  ortho  eoiiceniratioii  trgiitte,  i.e..  dense  fluid  irgime . 


Fui  tbe  gas  Bk('  rcgimr.  the  ortho  coucentratiun  is  lo^'  and  the 


separations  » Rf  adiere  r is  the  concentration  of  ortho-Hj.  the 

HD  orolectdes  behave  as  a gas  and  we  can  apiiiy  ordinary  kinetic  theory.  We  have 


where  rr  as  vR}  is  tiic  cuilisrou  cross-section  and 
" " 1^  " ^ 
ef^r 

ntdng  a miidolu  walk  njodel.  wt  find  llial  lire  mean  square  displi 
is  tlie  Dumber  of  steps  in  time  f.  And  bccanst' 


»=  Dg' 


vv  haw  tbe  diifusirni  constant  Dg  in  tbe  gas  li 
D,  = Aik 


(30) 


This  is  valid  for  orlL.i  eoiirentrations  r < (d,/lo)i  ~ l‘d. 


3 1.2  DenBc  Fliii»l  Rerir 


Foe  highri  ortho  roncentrntions,  the  HD  molecules  internet  cuDtinttously  with 
the  elastic  deftnmation  field.  The  motion  is  still  cliflu.sive,  but  now  ni>])roi>riate  to 
that  of  a deuse  fluid.  .Astlie  ortho  conet  ntratioD 


(44) 

to 

tht*  HD  molecules  trill  feel  strojig  emttinuous  interactions  u-ith  ela.s1ic  rlefoniinliou.s 
such  as  ortho-H2  in  solid  pars  hydrogen,  anti  therefore  the  hehanurs  of  the  HD 
impurities  is  that  of  a tieiise  fluid.  The  changing  rate  of  momtiatiun 


(«) 


f = («l 

in  the  strain  field. 


= MlVfto,  (-17) 

where  HcAor  is  die  cluuacteri.',tic  fiequeiity.  The  chaiaeieristic  liiut*  is  lln’ 
time  tlial  ati  HD  molecule  uectls  to  change  its  Irajcctorj-  bj  a distance  /^),  llte 
atomic  spacing.  Tlieieforc. 

IT^vri 

and  the  tUffiisiou  constant 

D,k„„  J yo^inA  H9) 

and  one  finds  tliat 

t^dtlist  “ ^chor 


(30) 


Thf  quSDUmi  diffusicpn  of  the  HD  Uni»irities  iu  the  gas- like  “iinpuritoii 
regime  and  tlie  dense  fluid  regime  can  be  foUon-ed  by  NMR  studies  of  the  Irane- 
verse  nuclear  spin  relaxation  time  T2.  or  the  linewidtb  of  the  continuous  tvnvc 
(CW)  absorption  spectrum.  The  tranavsrec  relaxation  time  can  be  determined 
from  the  free  induction  decay  (following  a 90®  RF  pulse) 

F(l)  = {lAt)lAO))/Uh  151) 

which  can  be  simply  related  to  the  dcpliHsiiig  60  of  the  'H  spins  of  the  HD 
molecules  during  “coUiaous"  with  the  ortKo-H2  molecules. 

F(t|  = (exp-/(X;‘o))  = 152) 

where  n = l/Cf  is  the  munlrer  of  collisions  in  time  I.  Tc  = D/l'j  is  the  linie 
between  collisions.  The  relaxation  is  exponential,  F\H  = with 

for  tire  impuritun  gas  regime  and 

± >s»/3i0 

Tl  Dj  j2  ' ’ 

for  the  den.se  fluid  regime. 

Similarly,  the  tnuisverae  relnxatkui  time  Tj  cau  sl'O  he  dettiurined  bj* 
90^x180,  pulse  sequence.  The  eclio  ht'ighi  will  he 

5(2r)  = S(0|t^.  (00) 


■ r is  the  lime  betwi'en  two  pulses. 


Tlie  C\\*  liueshape  is  the  Fourier  traiisfonn  of  rhe  FID.  anH  or  espccr 
LorenT2iaii  lioe  shapes  with  half  width  at  half  matdmum  ^veii  by  d = ^.  Tlie 
experimental  results  obtained  in  different  laboratories  are  eom|iared  with  the  the. 
orclieal  predictions  in  Figure  20. 

factor  of  approximately  S smaller  than  the  calculated  rigid  lattice  value.l*^)  A 
cross-over  to  fluid-like  regjme  consistent  with  the  relaxation  pven  by  equation 
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156) 


(54)  with  II  »!  2.55J.  Th«  limncliog  fr«qui?ncy  Ji  can  bo  cstimiiioil  fi 
CYjicriiuonlaJ  (lata  b}*  casting  equation  [53]  in  tbo  fonn 

\ 5£_  XMmxf 

Tj  ■■  272  J, 

where  M20  is  the  second  moment  for  pure  ortho  hytitogen  and  Xe  - is 

the  concentration  for  the  cross-owr  between  the  two  regimes.  Using  A‘c  = 2-5i^ 
and  the  linear  couceutratJou  dcpemlence  of  Fg  in  the  iinpuriton  reguiie,  is  found 
to  be  of  the  order  of  1 KHz  at  T = 0.  The  calculated  value  of  the  HD  tnulecule 
tuoneling  frequenev  is  only  reliable  to  an  order  of  magnitude. 


3J2  \'acancv  Induced  Nuclear  Spin  Lattice  RelsYatioii  in  Solid  Hs 
The  vacancies  in  solid  bi'Uum  are  Isclieved  to  tiavcl  colierently  as  vacunej- 
waves  at  low  temperatures  rather  then  hot>ping  rantUnuly  as  classical  point  de- 
fects. Ebncr  and  Suugl^^i  have  calculated  the  ground  stale  energy  of  a tacaucy  in 
solid  B2.  AVhat  is  particularly  interesting  fur  II2  is  that  tlieir  arc  two  Ixnimi  .states 
for  the  particle-  vacancy  interaction  potential  at  £)  = 34.1  K and  £2  = 95.4  K 
(at  £ = 0).  The  energy  barrier  to  clasdcal  particle  vacaney  exclnuigc  (Fig.  21)is 

slates  and  find  d|  = 3-1  * 10*  HZ  (0.150K)  and  Ji  = 1.1  at  10'‘  Hr  (3.14  K). 

Using  Feniiis  golden  rule,  one  can  calculate  the  trausitioii  i>iiibHliiliiyl26l  for 
a racancy  tunneling  from  lattice  site  Mj  to  site  .ffj  where  tin-  local  crystal  fields 
(for  particle  displacement]  are  Aj  and  Ap  respectively.  The  rate  per  unit  time  is 
Ilj/ = 2n.cffi(A;  - A.)  (57) 

where  u-'i-  is  tlio  microscopic  tuiureliug  frequency  of  vacarrcics.  The  diffu-sion  con- 
stant for  the  vacancy  motion  can  Ire  caladated  aa.suming  the  random  walh  fnnnula 

(J8e) 
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e>;pl-(F,/ABr)]  is  tte  vscaocy  concenlrslion  c,r  probahiUty  that  a pvan  site  is 
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Icvrl  ?i(=  1 or  2)  of  Fig.  17.  P„  is  tbc  ptobahilily  llial  lev«l  n is  ocrupiwl  wirl 

- J?;|.  For  quantum  mechaiiiral  tunneling  through  the  enelg.v  banier 
K'n  = Jn/a  (assuming  Aj*  = A;),  aiiA  for  classical  lliermnl  actis'atioii  over  the 
mergj'  bamer  1 H'ffterrn  — self-diffuaou  mte  for  vacancy- 

particle  motion,  considering  all  processes,  is 

^ = + (59) 

D = 2*  10-*)I  + 34c-«'/^  + 300r-“/^)t-‘'^/^cmVsee.  (BO) 
This  theoretical  expression  for  the  self -diffusion  constant  is  unusual  in  that  there 
are  ta*u  tvell -defined  temperature  ranges:  (i)  elassionl  hopping  l»y  lliennal  acti- 
vation at  high  temptratures  with  an  activation  energy  Ei,  = dtp  + Ip  s 19TK 
fi)t  7 > (FTp  — .F2|/hl(lrftaj^/J2)  »=  UK  and  (ii)  quantum  limnelJiig  at  low 
lemperalutrs  with  = = 112K  for  T < IIK.  It  is  iuipottaut  to  noti’  that 

althongli  there  are  three  leiius  in  the  expression  for  79  )eq.  (60)1.  with  diffeieiit 
temi>emture  liependences.  there  are  only  twxi  temperature  regimes  hceaiee  the 
seconil  term  in  equation  (CO)  does  not  duminnte  for  any  teinperafuie.  Tlie  fitwt 
term  dominates  the  second  term  for  T < (£2  - £i)/ln(  J2  - Ji)  * I'K  (corre- 
sponding to  £_4  = thy  -a  £2  - £]  a:  173K).  One  thcrefote  expects  to  oirsftve  only 
classical  hop}nng  with  Ea  = 197K  at  higli  temperaltiies  and  exitecta  that  the 
quantum  tunncUiig  with  £^  = <bp  = 112K  can  be  observed  at  low  lenipctatures 
(for  examine  T a:  IIK).  Tlie  self  diffusion  constants  con  he  delcriuiuetl  from 
the  measurement  of  ihe  nueiear  spin-lattice  relaxation  time  Tp  NMIl  is  sciiairin' 
to  the  presence  of  vacaneies  through  their  diffiwive  motion.  As  the  vweaneies  mi- 
grate through  thelaliieehyexdiange  with  atoms  ta  moleeides,  the  intei-raijecnlat 
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□uclpai  spiQ-spin  infcractions  become  time-depondciil  because  of  ihe  nioleculat 
motiou.  The  spectraJ  componeiils  of  tlie  motion  at  the  nuclear  Lnnnor  fiequeucy 
wi  and  at  delennine  the  nuclear  sinn-lattice  relaxation  induced  by  the  va- 
cancy motion.  The  relation  between  the  microscopic  vacancy-  ttmneling  fretpiency 
w;'  and  the  characteristic  frequencies  that  determine  the  modulation  of  the  nu- 
clear spin-spin  interactions  need  to  be  established  with  care.*^-^*  If  in  a giveii 
cryatalliuc  structure,  a vacancy  can  migrate  fiom  agiven  lattice  site  to  a neighbor- 
ing site  witli  a characteristic  ffetinency  u'mjo.  the  time-dependent  jump  frequency 
for  a pwn  molecule  is 

■v„,(r)=X,-(T)-.'m„  (61) 


where  .\*t'(r)  is  the  auinbiT  of  vacancies  in  thennal  equilibrium  at  temperature 
T.  Wine  ht  related  simply  to  the  tuimeling  frequency  Xt  by  a tnmu-rical  eoiislaiil 
which  depends  on  the  lattice  slructiue.  .\lonicnl  calculations'll  show  that  for 
tunneling  involving  only  nearest  neighbors 


■Vroo  = --l-r  (02) 

with  .4  = -V^2“/I5  for  coordiaatinn  number  2. 

The  Intel-molecular  (li|mle  -dipole  interaction  between  ta-n  molerulr-s  arc  uutd- 
ulated  at  a rate 

-'O  = 2-',„  = 2.4.V,.(ri-.v-  (G3| 

NMR  cxperiuiciits  can  therefore  be  gsetl  to  determine  the  microscopic  jimii)  fre- 
quency and  the  formation  energy-  and  barrier  energy  through  the  absolute 
values  and  the  lemjicraturv  dciJtiidciice  of  tlie  relaxation  times,  respectKvIy.  The 
nuclear  magnetic  relaxation  can  be  described  in  terms  of  an  energy  baib  muiicl 
couKsling  of  several  cniTgy  reservoirs:  the  nuclear  Zeeman  energy  (Z).  the  va- 
canry  (V).  the  tumieliug  excitations  (£■),  the  plionon-s  (P)  and  the  tlieiiniil  l»ith 


(or  walls)  (iJ).  If  ihe  Zeeman  energs’  is  perturbed,  thcniial  equilibrium  is  i-estoi  ed 
by  Iransitinns  between  tlie  nuclear  Zeentan  eiiergj*  levels  induced  by  the  fluctua- 
tions of  the  dipole-dipole  ioteractions.  If  the  dipolar  interactions  are  expressed 
in  terms  of  irreducible  tensoriai  operators  Tem  (which  transforms  analogously  to 
the  splierical  harmonics  Ijm),  the  relaxation  rate  {for  a polyrrystallitie  sample) 

^ "t^.f,„(tnwil  (6-M 

where  -l/y  is  the  \an  Meek  second  moment  for  the  dipole-dipole  iutcractions. 
and  the  7/,n(mw£)  are  the  spectral  densities  of  the  spin-spin  correlation  functions 
at  the  nuclear  Larmor  frequency  w'i.  The  J/„(ni»ji.)  ate  difficult 
to  evaluate  directly  from  the  niirroscrtpic  motion  and  are  often  approxiiiialed  by 
Lorentzian  functions. 

•?2l(-t)  = -'5'/!l+(*-i,/*-Dl^l  (65) 

At  very  low  teinpeiatures,  the  number  of  vacancies  is  too  small  toprovitlc  an  effec- 
tive interactiou  and  this  vacancy  indticed  relaxation  mechanism  becomes  "froRen 
out  and  other  processes  take  ovit.  In  aiUcI  H2  we  must  consiiler  tlie  two  distinct 
mulccular  species. 

There  is  a compering  merliauisin  for  tlie  R'laxatinii  of  ortUo-H2  vesulling  fitwn 
the  modulation  of  the  intramolecular  dipnie-dipule  interaction  of  each  molecule 
by  rapid  molecular  reorientations.  The  latter  is  determined  l.y  the  electric 
quadrupole  -quadrupole  {EQQ]  interact  ions  between  ortUo  molecules,  and  it  over- 
whebns  the  vacancy-induced  mecUsnism  for  temperatures  close  to  the  melting 
point  where  the  mmilwr  of  vacancies  is  high.  Weinhaus  and  MeycT'’”  oliseived 


VRCBncy-iaduced  tclRXfitioa  for  10.5  < T < 13.5K  for  relata*ely  liigh  ortho  con- 
centrations and  observed  a variation  iu  Jj  bj*  a factor  of  5.  Blooiii*^^*  wm-  oidy 

lu  order  to  lest  for  the  possiljle  quantum  tunneling  of  vacancies  in  solid  Hj, 
we  needed  to  obsert'e  vacancy  relaxation  at  temperatures  rignificajilly  lower  than 
those  previously  studied.  We  therefore  those  to  study  samples  containing  low 
ortho  coiirentrnlions  (0.5  — 2.55( ) and  prepared  with  small  conccntralions  of  HD 
impurities  (typically  l5f).  (The  natural  HD  abmidance  is  O.Oi'/.)  The  oilho-Hs 
moleruJes  relax  verj- rapidly  via  the  £Q0  niechaiiisni  wilhT|(j  = 1.7Cir/A'fl).V? 
for  these  ortho  conceutrat  ions  and  at  high  temperatures.I^^  The  direct  relaxation 
of  the  HD  molecules  to  the  lattice-  is.  however,  very  slow  and  one  observes  an 
indirect  relaxation  mediated  by  the  spin-spin  coupling  between  the  HD  inoleeules 
ajid  the  ortho-Hj  molecules.  The  cross-  relaxation  can  lie  aiiajyxeti  bj'  treatujg  tlie 
orllio-H2  spins  and  the  proton  spins  of  llie  HD  niolemlc  as  two  weakly  couplcil 
energj-  resen-obe,  o and  b.  respectively  (Fig. 

The  coupled  rate  equations  for  ibe  interse  unclear  spui  temperalme.  X°  aiul 
i*  of  liie  two  eiier©-  baths  is  given  bv-  D3-55I 

^ _L  1 1 1 j » 

■/<  (7}«)2  (TF)2  ^ ^ * 

= 1o(6)hB/A'fl7f*‘’  and  i"***  = lafU^O/KsTi  where  are  the  nuclear 
gvTomagiielic  rations.  B the  applied  magnetic  field-  ant  7?®  ami  T,,  ate  the 
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5^  = |.«!‘..v«fu.., 
(5S 

5fe  = '5.— 


deoutics  for  the  (fm)-th  component  of  the  dipolar  interactions,  and  lOo  end 
arc  the  nuclear  Larmor  frequencies  of  the  o and  & spins,  respectively. 

The  ortho-H2  molecules  relax  rapidly  to  the  lattice  via  the  EQQ  mechanism, 
Ti,g  ns  2-4mscc-  for  X (ortho)  ns  0.6-2%,  and  one  observes  the  cross-  relaxation 
of  the  HD  molecules  (the  6 spins)  to  the  ortho-Hs  molecules  (the  a spins).  The 
cross-relaxation  rate  is  given  by 

^)  = |/A^‘(.¥)J2o(0)  (®) 

with  J2o(0)  = Wp'(r).  Because  the  HD  molecules  are  mobile  while  the  ortho 
molecules  remain  6,xed,  in  contrast  to  equation  (63).  Stud* 

ics  of  this  cross-relaxation  alloa*  one  to  explore  the  temperatuie  dependence 
of  the  vacancy  motion  over  a wider  temperature  range  than  possible  in  previ- 
ous studies.^^”^^'^®’^  Determination  of  the  characteristic  motioual  hequendes 
also  allows  one  to  calculate  the  self-tliRusion  constant  from  the  relation 


CHAPTER  4 

EXPERIMENTAL  APPARATUS 
4.1  C'r\'Qgrnicg 

De«-sr  wiih  a plaslic  inner  wall  is  used  in  Ibis  expeiiiiient . The'xJupie 
of  the  Dewar  is  40  liters  and  the  etaporation  rate  is  7.5  liteia/day  for  jtulse  NMR 
csperimeats  and  10  liters/daj-  for  C\V  NMR  esperimeiils.  On  one  occa.sioii  the 
Epoxy  between  the  Alumintim  lop  0x11^0  and  the  plastic  iuurr  wall  wofi  broken 
and  caused  the  eraporation  rale  to  increase  to  40  liiers/day.  After  repairing  at 
tlie  factory,  tlie  Dcaar  is  a-orkiiig  at  nomial  conditions  and  is  niuiiitored  by  llte 
HeUum  gas  flow  meter.  A continuous  superconducliug  wire^^^  He  level  deleelttr 
and  two  diode  les-el  detectors  arc  also  used  to  tiieasiire  the  level  of  litpiid  Lelituu  to 
safeguard  t be  ncnnal  workiug  condition  of  the  nyogenics  and  ll>c  su|>eiTuiidi>riing 
magnet  (See  Figure  23.). 

A dilution  refrigerator  is  used  fur  the  low  tempetaiiire  data  taking.  The 
axirkiug  prinriple  is  tliat  the  tem|xrature  will  decrease  by  piunpiog  ^He  fitim 
the  ^He  rieb  phase  in  the  niixlure  of  ^Hc  anti  ^He.  by  dissulutiuii  iulo  the  ^He 
dilute  phasc-*^^^  Because  of  the  large  heal  release  caused  by  the  conveiaioii  front 
ortlio  Hy  to  para-  Hj.  ottr  H2  sainjile  cell  cannot  be  cooled  belotv  37  inK-  ol* 
Ihongb  the  limit  without  an  sample  is  specified  below  4 inK  (according  to 
manufacturer  SHE).  The  temperature  was  uioiiiiored  by  a calibrated  carbon  glass 
lliennnniet.erl*®'  attached  to  the  cop|ier  cold  finger  of  the  NKfR  cell.  Tlie  irm- 
peralures  were  also  checked  nang  the  lorij  NMR  absorption  signal  and  ilie  FID 
height  of  file  pulse  NMR  as  a measure  of  the  mean  temperature  of  the  hydrogen 
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Figure  23  Diagram  of  cryograics. 


sample.  The  temperature  regulator  is  eounected  with  the  beaters  of  the  miser 
and  Btni  of  the  dilutioQ  refrigeialor  to  adjust  and  stabiliie  the  temperature. 
The  N'MR  method  was  very  reliable  at  low  temperatures,  but  was  unreliable  near' 
the  melting  point  because  a portion  of  tlie  sample  tended  to  migrate  up  the  RU 
line  and  we  relied  on  the  carbon  glass  thermometer  to  determine  the  temperature 
in  this  region. 


4.2  N’MR  Sample  Cell 

The  KMB  cell  consisted  of  a Kel-F  ssinple  chamber  (3mm  I.D.,  3iiiin  lengtli) 
(see  Fig.  24). 

Both  ends  of  the  cell  were  sealed  by  a cylindrical  copper  end  ca|js  wliich  weir 
carefully  machined  to  a diameti  r slighllj  larger  than  that  of  the  Kel  -F  chamber 
(the  diameter  wa.s  very  carefully  calculated  to  accomodate  the  tlicmial  dilaratiou). 
and  a seal  reliable  to  150  bat  wasoirtalned  hy  the  thermal  cootraeliun  of  the  Kel 
F foliowmg  iuitiaJ  warming  to  loOdeg  C during  assembly.  One  of  the  end  cax*.'. 
farmed  an  integral  jtart  of  a lliennally  regulaleti  cold  finger  of  OFHC  coppiT- 
wliile  tlie  olhei  was  fed  by  tlie  liydi-ogen  fill  line.  Thermal  contact  to  the  samidr 
was  assured  by  a Imush  of  ver>*  fine  cojipcr  wires  (O.OOlmin  O.D.)  wliicli  were  soft 
soldered  to  the  cold  finger. 

4.3  Pulsed  \\1R  Appsiate^ 

The  radio  frequency  eoil  uound  around  the  sample  chamber  was  coimected 
to  an  RF  pulse  diiplexei  (at  room  temperature)  by  a homemade  ert-ogenie  cable 
(stainless  steel  outer  conductor,  teflon  dielectric  and  nominally  300)  cut  to 
The  diiplexcr  was  a ■Liuuped-citcuil'  designed  to  ojttimise  the  matcliing  of  the 
RF  power  pulse  to  the  NMR  rirruit  while  pcoteeling  the  receiver-  The  oiiti>ul 


& tliermally  insuJBTed  diiunber  and  ragulaling  its  tempcrntiita  to  ±0.1®C. 
The  output  of  the  amplifirr  u*as  detected  cobetenfly  using  a doubly-l>alHticed 
mixer  where  the  local  oscillator  source  was  derived  trout  the  RF  generator  which 
fed  the  gates  of  the  RF  ptiisc  system.  An  adjustable  coaxial  line  was  used  to 
obtain  the  correct  phase  of  the  source  at  the  mixer.  Aftct  coherent  detection 
automatic  signal  averaging  techniques  were  used  to  record  the  free-induclion  de- 
cays following  each  pulse.  A diagrajii  of  the  pulse  N'MR  apparatus  is  sketched  in 

Four  output  switches  of  the  gate  box  lead  to  fout  dilferciil  gales  which  allows 
oue  to  rhange  the  phase  bj-  0“,90“.18(f.  aud  270®,  respectively.  The  fieiiueucy 
□f  tire  pulse  NMR  is  operating  at  268  MHz  which  corresponds  to  s magnetic  field 
^0  “ 6.3  Tesla.  The  magnetic  field  is  provided  by  a supercoiidurtlng  magnet 
which  can  supply  the  magnetic  field  a«  high  as  0 Tesla  at  2 K.  The  large  diarrwtcr 
and  long  coils  of  the  magnet  and  Ike  small  sire  of  the  samjrlc  coll  safeguard 
the  stability  and  the  homogeneity  of  the  magnetic  field  at  the  repon  where  the 
hj'drogcn  sample  is  located.  The  advantages  of  the  higli  frequency  (high  niapietic 
ficlfl)  are  (1)  the  iiigli  resolution,  high  sensirivity  whirh  is  characterised  liy  tire 
ratio  of  signal  to  noise  5/.Y,  aud  (2)  tlie  slicut  dead- lime  whirh  is  proportional 
to  the  reciproral  of  the  frequeney. 

d,4  Continuous  Wave  iCWt  NMR  Aunaratus 

Tile  continuous  wave  NMR  apparatus  is  described  in  Figme  26. 

Instead  of  the  use  of  a dujrlexot  iu  pulse  NMR  which  wc  discussed  above,  a 
h>*brid  ri®31  |q  purpose  of  tmustening  only  the  sample  ntspoii's' 

to  tile  receiver.  The  hybrid  -T  is  rimilnr  to  the  niagic  -T  at  high  frtsjui'iii'i'w 
which  was  mvenicd  in  1973.''*3I  The  RF  input  is  split  to  two  arms:  (1|  a duiniiiy 
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Figure  25.  Diagram  of  ihe  pid«  SMI)  apparaiu?. 
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r.  At  resoQtince  the  matclugg  of  tlie  two  btaucbes  is  brokea  and  oidy  the  \NJR 
change  wiU  be  det«t«i  in  the  receiver.  In  practice,  a smaU  debbetaie  deviation 
from  idea]  pha.sc  or  amplitude  malcliing  is  adjusted.  The  small  deviation  abicli 
is  carefully  adjusted  has  the  advantage  that  one  obtains  (1)  an  amplification 
effect  and  (2)  a distinct  signal  (dispersion  or  absorption)  instead  of  a mixture.  A 
modulated  sa-eep  field  is  provided  by  a sweep  coil  in  addition  to  the  static  high 
field  (provided  the  supcrcouductiug  magnet).  This  auiilitiry  field  repeals  lire 
up  and  down  procedure  to  draw  the  NMR  spectra  at  the  resonating  frvx|iicnc>- 
nnd  this  field  is  sinvtsoidally  modulating  Iry  200  Hs.  A lock-  in  amplifier  is  issed  in 
the  CW  N'MR  experiment. 


^ 5 Pfcrise  Mill  EBicienI  Li  Situ  Ortho  Para  Hvdiog-ii  Converter'” 

We  needed  samples  of  hydrogen  with  arcui  ately  known  ortho  coiiccnltalinns 
in  the  range  0.1  - 2,5'X  in  ordi't  to  investigate  the  diffiisirni  of  isotojric  impuritirs 
(HD)  and  Ortho- impurities  in  solid  para  hydrc>geu  at  very  low  lempcTaiuti*-. 
uring  In  addition,  the  sami>)es  liad  to  l>c  prepared  in  sitir.  j.e., 

ill  close  pciaimity  to  the  low  tcinpcralnte  XMR  cells,  to  avoid  the  siguificanl 
back  • conversion  that  occurs  in  passing  the  gas  through  stainless  steel  tubing  at 
high  temperatures  or  over  Burfacei-  exposed  to  air  that  caruiol  be  baked  out.  We 
tested  chromic  oxide  as  a low  temperature  catalyst.  This  is  availahle  armmereiallv 
as  Oxisorb  which  coiiasts  of  silica  gel  impregnated  with  CtO}.  the  oxide  licing 
bonded  to  the  silica  structure  via  liydroxj-|  groniis.  This  ntaleri.d  can  absorb  very- 
large  quantities  of  oxygen  (801?  by  stoichiometric  measure)  v-ia  the  reaction  and 
retains  its  higli  efficiency  even  after  a large  number  of  regenerations. 

The  catalyst  was  placed  in  a small  (10  rm^)  OFHC  coijper  cbamlser  wh<~- 
temperature  was  regulated  to  a precision  of  ±5  mK  in  the  15  - 30  K range. 
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Silicon  diode  thennometw  {type  1N4144)  aillxcd  to  the  copper  woUs  'R'ere  -used 
to  moDjIor  the  lempersture,  one  as  a sensor  for  the  regulating  feedback  loojt, 
and  a second  as  an  independent  sensor.  The  diodes  were  c&bbrated  against  a 
calibrated  carbon  glass  thrmiometer.^^^*  A length  of  40  AWG  copper  wire  was 
used  as  a weak  thermal  link  to  a 4K  plate  and  provided  the  only  cooling.  The 
inlet  and  outlet  Hy  lines  were  made  from  thin-walled  cuptonickol  rapillarj-  and 
provided  with  independent  healeis. 

Normal  H2  (corresponding  to  2 layers  on  the  gel]  was  absorbed  onto  the 
converter  [with  the  outlet  tube  maintained  hot.  (T  > 35  K).  and  the  eonvertrr 
then  maintained  at  a eertaru  temperature  Tq  at  which  temperature  the  desired 
concentration  of  ortho  Hy  was  obtained.  The  reaction  time  t for  conversion  was 
less  than  10  minutes.  To  safeguard  the  accuracy  of  cuiiceutratlons  of  ortlut  H2 
(e.g..  2.5  ± 0,1  55)  wi'  waited  2 hours.  The  NMR  cell  at  the  other  end  of  tlie 
outlet  tube  was  then  cooled  below  To  and  the  accumulation  of  hydrogen  in  the  cell 
monitored  by  NMR.  The  H2  smple  was  sent  back  to  the  converter  lit*  warming  the 
saniph*  cell  and  rooting  the  converter  rell  and  kept  at  Tp  for  another  2 homs,  Aftei 
repeating  such  sequences  scveial  times  (5—6  limes))  tlie  ortho  concentration  was 


bj*  many  as  a standard,  arid  (2)  the  ratio  of  tire  uiflio-H2  NMR  aipia)  to  t)te 
HD  impurity  NMR  signal  was  detei*mined  for  a knoan  HD  concentration.  (We 
prepared  samples  with  1.151  HD  coueentratiorrs  in  order  to  study  the  motion  of 
the  HD  molecules  at  low  temperatures).  In  all  eases  we  fomrd  dial  ro  witluii 
the  accuracy  of  tlie  measurements  (±  0.15f.  at  A'  = 2.55f  and  many  difTetonl 
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Rgure  27.  Compsiisoii  of  the  orlho-Hj  confenlration.'i  obtained  from  the  in 
situ  ortho-para  cont*ettCT  at  temperature  T teith  tlie  equilibrium  value  ealeulated 
for  free  molecules  (solid  eune|.  The  onlm-Hj  concenlralioiis  were  tletenniiied 
from  comparisons  of  the  HD  and  orllio-H^  eclto  ampbtudes  at  low  teinperatmes 
and  Tj  rueasurenieni  of  pure  hj  drogen  sample  data. 


concentrations,  see  Fig.  27)  the  copcent  ration  A'  was  equal  to  that  ealcnlater!  for 
the  equilibrium  value  (for  independent  iiioleculesi  at  the  temperature  Tq. 

\ ariatioiis  that  could  be  expected  because  of  the  differences  between  the  rot  h- 
tional  energy-  levels  of  the  adsorbed  moleciJes  and  those  of  the  free  (vapor  phase) 
molecules,  vvere  nut  seen.  This  is  attributed  to  flip  fart  that  the  samples  used 
are  drawn  from  the  gas  phase  winch  is  in  equilibrium  exebange  with  the  adsrrrlred 
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A larg?  number  of  samples  wilh  eoneeiitration  in  the  0-5  - 3 0^  range  Iist'e 
been  prepared  o\*er  an  IS  luonlli  interval  without  anj*  observed  deterioiation  of 
tlie  speed  of  the  conversion  or  aiij-  appreciable  devintion  from  the  equilibrimn 
value.  The  whole  s>Blem  had  been  cycled  to  300K  four  times  during  this  period 
without  any  detectable  loss  of  efficiency.  From  the  alxjve  discussion,  this  method 
hss  also  proved  to  be  the  most  reliable  for  producing  samples  with  sccuralely 
known  ortho  conceotrations  compared  with  two  other  methods  that  we  have  used 
(II  natural  conversion  (which  needs  a long  period  to  obtain  tile  low  concentration 
samples)**bS2|  and  j,)  condensing  a converted  gas  (pwa-hytlrugen)  into  (be  low 
leoipcmtuie  sample  eeU  through  a tube  which  is  st  room  temperature.***^ 

4.G  Pressure  Csiiee  and  Pressure  Delector 

To  observe  tba  pres-sure  <lepemlence  of  the  transverse  relaxation  time  Ty  of 
the  HD  impurities  in  the  para-hydrogen  tlie  samples  were  pressurired  u-siug  *Hi'. 
Liquid  helium  was  eondensed  diieclly  on  loj)  of  Hj  sample  and  tlie  piessiue  read 
by  a pressure  gauge  (Hei«e  Model  45441  cxtciml  to  the  cryostat).  The  converter 
pot  and  the  fill  line  above  the  pot  were  heated  above  5K  to  prevent  solidlficHtjoii 
of  the  *He  for  applied  pressures  P > 25bHi. 

A home  made  piessure  detector  (Hg.  24)  was  mounleH  tliiectli*  on  the  oj)- 
positc  end  of  the  NMR  cell  (i.e..  the  Hj  sample  is  sandwiches  hy  the  inesstire 
entrance  line  and  the  pressure  detector)  to  verify  that  the  pvessutc  was  transmit- 
ted to  the  saoipie  even  when  the  fill  line  at  the  entry  to  Hie  XMR  cell  rontaineci 
solid  *He.  othenvise  the  pressure  dcli'clor  will  show  no  response. 

4.7  Data  .AenuisiTion 

A Nicolcl  fast-signal  analytical  instrument  (model  LAS  12/70),  a chart 
lecotdcr  and  a digital  POP  11/74  computer,  udng  "C”  language  and  Unix  where 
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Figure  28.  Srheituilic  drswing  of  tlie  XMR  snmpie  rhsmber.  The  coil  formot 
is  mschJupd  form  KEL*  F and  form.s  a hcst-slmnk  fit  oi'cr  the  copper  sntmts  at 
both  ends  and  is  vscuuni  light  to  SOOpsi.  The  pi-eesure  detector  is  mounted  at 
high  pressure  experimcni. 


thenuomelers  distributed  st  different  levels  in  the  cryostat,  namely  the  miner, 


still,  plate  heal  exchange,  and  the  1 Kelvin  pot.  The  Xicolct  ir 


ihe  signaJ,  a^'crages  tlie  pujsc  KMR  meafiurcmauts,  jicrfomis  Fourier  trwieforma- 
tion.  baseline  correcriont  smoorhing.  iniegratiou  and  other  instbeniatiral  tieat- 
meots.  The  Nicolet  averager  analyris  instrunjenl  has  worked  satisfactorily  after 
data-  taking  for  six  years.  An  interface  between  the  Nicolet  and  the  PDP  11  roui- 
puler,  protideji  a data  dump  and  anal}-ses  which  are  stored  in  the  eompuler.  Six 
terminals  axe  used  b}-  different  members  of  the  group  with  the  eompuler  operating 
in  a multi-user  mode  under  the  Vnix  system.  Recently  we  set  up  another  IBM  3SC 
in  the  lab.  The  chart  recorder  can  also  take  data  at  the  same  time  that  the  Nicolet 
averager  is  working.  The  CW  spectra  are  always  drawn  on  the  chart  recorder. 
Several  programs  were  written  for  data  analysis  such  as  spline  (draws  smooth 
curves  on  data  points)  and  best -fit  program  to  minimize  the  square  deviation. 
Ttvo  HP  plotters  rmd  two  printers  (one  is  worked  with  the  PDP  11  and  Hnollier 
is  worked  with  the  IBM  386  PCI.  A Leroj*  program  is  used  to  draw  diagram  at 
the  publication  quahty. 


CHAPTER  5 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 
5.1  SaiiiDlf  Pi-'-iiarniioii 

\\V  used  3 djfleienl  njeiliods  to  make  Inv'  onlio  euiicentmtiou  juira*  hyilrogeii 
snmplcs.  Tliose  methods  are  the  foUmring: 

1.  Agiug  from  nomial  H2  samples  at  Ion'  teai)terntures,  to  obtain  low  orthtt 
Hj.  Tliis  takes  seven  mouths  to  reaeli  IV.  starling  with  75^?. 

2.  Cotidensiug  a sample  from  a ga.s  miatuie  of  1.1?  HD  anil  nearly  pun*  para 
Hj  loflliu  Hj  < 0.1? ).  Sipulicnul  back  conversion  oeciitred  during  the  couden- 
satioii  process  (wheii  the  gas  passed  biiefly  through  lailyviiij*!  elilmiile  tubing  at 
room  temix'ralure).  The  orllm  coiicentrnticm  of  tlu'  solid  san»i>le  was  detenniuisl 
from  the  meastuenwnis  of  rite  disrinei  NMR  line  .hapes  anil  SMR  eeltnes  of  the 
HD  atid  ortho-H2  dgnaL  at  low  tempeialmes. 

3.  Usiug  a eonviTtn  whieli  was  located  a short  distance  from  I lie  NMR  cell.  \ 
gas  miNlirreof  I.l'/f  HD  ami  '’uontiar  Hi  (75?  ortho)  wastiisl  rimdeiised  iirio  tlie 
orllio-|>ara  rouverler  pot  containing  a chtoiuir  odile  gel  which  was  located  close  to 
the  sample  cell.  The  desired  ortho  coneenlration  was  obtained  bj-  regulating  the 
lemperatni-e  of  the  conviiler  very  accurately  and  allowing  the  oitho- hydrogen 
to  convert  to  the  Iheruttil  eijuililniuni  value.  The  converted  inixiuie  was  then 
transferred  to  the  NMR  cell  by  lowering  the  temperature  of  the  cell. 

The  samples  made  by  the  abote  three  methods  were  rarefully  annealetl  at 
13.5  K foi  ajiproxiniately  G houts.  The  final  ortluj  rouceulratiou  was  tleteriuiued 


unambiguously  b\’  direct  roinparison  of  the  teiy  distinct  NMR  echo  shaix^s  of  the 


Figure  29.  Olism'ed  relaxation  of  tlip  XMR  eclior^  aa  a fuiirtioii  of  tinu*  at 
Icptv  temperaluras  |r  = 0.22  I\).  The  iiwt  shows  file  distipri  HD  and  ortho-H2 
contribtilioiis  to  rite  XMR  aclio  with  full  widths  at  balf-heiglit  of  ],12  and  0.25 
ms  respectitely.  The  relaxariou  of  the  peak  echo  height  (solid  line)  is  analyzed  aa* 
suniiiig  exponlential  decays  for  the  HD  and  ortho-H2  compoiieuta  (broken  bnes). 

HD  and  the  ortlio-Hj  signals  at  temperatures  below  IK  (see  inset  to  Fig.  29) 
which  is  consistent  with  the  two  distinguisliable  C\V  XMR  line  shapes  (Fig.  30). 

Two  distinguishable  relaxation  times,  T2  5^(10  and  72  hd  (Fig-  29)  can  be 
used  to  double  check  the  concentration  of  orlho-H2  At  low  temperatures  the 
'H  relaxation  of  the  HD  molecules  ran  be  easily  distinguished  from  that  of  the 
ortlio-H2  by  identif\-ing  the  different  contributions  to  the  echo.  A decomposition 
of  the  peak  amplitude  of  llie  echo  assuming  two  distinct  exponential  decays  (Fig. 


Figure  30.  Origiufil  C\V  NMR  dntn  tekeii  at  2CS  MHz.  Two  di'tingui^iiablr 
C\V  XMR  alsori'tioii  line  shapes,  tin-  iiarrcm-  line  is  corresponding  to  the  1.1'/  HD 
moiecule.  the  broad  line  is  corresponding  to  the  isolated  ortho-Hj.  The  ptiiriug 
ortho-  H}  lines  are  ±43  KHz  a»ay  from  the  center,  ahich  i'  not  tdion-n  on  this 
diagram. 


291  »as  found  to  provide  an  accurate  description  (or  all  the  echo  decays  nttscrved 
at  Icnv  tempcratiues. 


5.2  Pulse  NMR  Seimmce 

The  nuclear  spin-spin  relaxation  time  Tz  nicasurements  were  carried  out  using 
a phase-  coherent  pulse  system  o|>eratiug  at  26S  MHz.  RF  pulse  setiuences  of 
5 “ c — X were  used  to  determine  T^.  Tltc  nuclear  spin-lattiee  relaxation  time  T} 


meAWrcmmts  were  coiTicd  out  5 “ ^ ” 5 pulse  sequences  ftjicl  * - r - j 
RF  pulse  sequences. 

Narrow  {S-10  pseconci)  high  power  RF  pulses  were  used  to  coser  the  compiele 
KMR  spectrum  of  both  the  HD  impuritj-  molecules  and  the  ortho-H2  molecules. 
The  amphlude  of  the  RF  magnetic  field  in  the  rotating  frame  was  12  gauss.  Wash- 
bum  used  vei^’  long  RF  pulses  (100-150  psec.}  in  order  to  saturate 

only  the  relatively  narrow  HD  component  of  the  spectiuni,  but  the  interpretation 
of  the  relaxation  is  difficult  for  the  long,  low-potver  pttlses.^*^*  To  avoid  tliis  dif- 
ficulty. wc  worked  in  the  short  pulse  limit  (8-10  psec.)  for  which  the  relaxation 
times  Tj  and  Tj  are  very  reliable. 

5.3  TrmiHualutr  Dmeudencr  of  Tt  I*** 

Narrow  (8  - 10  ps,  covering  - 25  KHx)RF  pulses  were  used  to  cover  the 
complete  spectrum  of  the  HD  molecules  and  the  isolated  ortho  Hy  inolecuies 
(but  not  the  pairs).  The  values  of  Tj  obtained  for  the  sami>le  before  meiting  and 
for  the  sample  after  melting  and  recoudeusatiou  show  very  little  variation. 

Three  distinct  temperature  regime.s  ate  i>bserved:  (1)  At  low  temperatures. 
0.1  < T < 6.5K.  Ty  is  esseulially  independent  of  temperature  and  signrficoiilly 
longer  than  the  rigid  lattice  value;  (2)  at  intermediate  temperature.  0.5  < J < 
9.5K.  Tj  decreases  to  a minimum  of  0.04  tnscc  at  T a 9.2K;  and  (3)  ahiwe 
9.5K.  Tz  inaeases  expuDcntially  with  temperature  until  the  sample  melts.  The 
low-temjierature  behavior  (Fig.  31)  is  attributed  to  quantum  tunneling  of  the 
HD  molecules  which  diffuse  as  a dilute  gas  scattering  from  the  weak  elastic  strain 
fields  surrotmding  the  qmisistalic  ottiio  Hj  muleeulr-s.*^^* 

workers^^^'^J  for  HD  concentrations  equal  to  the  natuial  abnndaiiee.  The  low- 
temperature  values  of  Tj  = 3.2nrsec  (lit  100  mK)  weie  obtained  after  w-ailiug 


Tg  (msec) 


ortho  cootoat  to  be  “equivalent”  to  a ortho  (/  * 1)  jjhia  1.1^  HD  (/  — j) 
mixture  for  a lattice.  This  ia  bocauac  of 

2.\%  X + 1)  + 1-I5f  X iHOtlHD  + 1)  = 2-5?{  X ;o«,(/o//,  + D-  (69) 

1.  At  low  temperatures  T < 6.5K.  'Ve  have  remeasured  Tj  for  a 2.5^  ortho 

sample  (without  adding  HD)  using  the  method  described  here  and  find  telues 

in  excellent  agreement  with  Bureiah,  Chan,  and  Meyer  (Fig.  28)  luid  cua-sider 
this  to  be  a reliable  measure  of  the  ri^d  lattice  value. 

This  very  large  effect  on  Tj  obtained  by  simply  replariug  part  of  the  ortho  H2 
by  HD  can  only  be  understood  if  the  HD  impurities  are  mobile.  Compariug  the 
prediction  of  a tunneling  frequency  — 1 KHz  by  Delrieu  and  Sullivan,  we  find  an 
experimental  value  of  the  tunneling  frequency  Jj  = 1.54  ± 0.08  KHz  for  tbi'  HD 
molecules. 

2.  In  the  mtermediate  temperature  repine,  only  a single  relaxation  is  ■.•eii 
for  both  the  HD  and  ortlio  H2  cumponenls.  T2  passes  through  a ininimmn  of 
0.94tfterc.  This  line-  -broadening  effect  on  warming  indicates  an  effective  breaknp 
of  the  coherent  motion  of  the  HD  nioleeules  at  these  temperaluies.  This  interfer- 
ence can  be  caused  by  scattering  with  pbononsl^”*®!  (or  with  vacancies)  and  has 
been  seen  very  clearly  for^He  impurities  in  solid  *He  bj*  -Allen  and  Rirhards.l^'^* 
Landesmau*^*  has  shown  that  for  the  phonutt  jffoeeas. 

. = '2.'?n*r-;p,  (70) 

where  Z » the  coordimtlion  luinihec  and  the  impuritoii-phonon  araltcriiig  te- 


(71) 


Figure  32.  Temperature  dependeDcc  erf  tlie  nuclear  IraD^'tTse  relaxation 
lime  of  the  HD  molecules.  The  solid  line  is  a fit  to  the  data  using  phonon- 
impurilon  scattering  to  describe  the  minimum  and  classical  vacancy  molimi  to 
describe  the  high*tcmnerature  behavior.  The  triangles  represent  a sample  of 
1.1^  HD  and  2.11?  oHho  Hj.  and  the  circles  represent  a 2.5'rf  otlho-Hj  sample 
(stars  represent  2.45i  ortho  Hj).  The  squares  represent  a sample  of  l.llt  HD  and 
0.5'^  ortho-Hy.  Refod. 


«£)  is  the  Debje  temperature.  Clp  Debj-e  frequency,  and  s is  a coupling 

constant  (estimated  to  be  ^ for  ^He  impurities  in  ^He  and  J for  HD  in  solid 
Hyl.  Laiidesman  finds  .4  = 2.2  x 10'*  but  there  is  considerable 


Our  lesl  6ts  for  Ihis  pLoiicc  scattrriiig  and  for  \*ftcauc>'  scailciiiig  arc* 
ideutical  wlucli  is  shoun  Uy  the  solid  lino  in  Fig.  27  (witlj  .4  = 4.5  X 10  ^ in  the 
phonon  seatiering  case).  The  existonce  of  the  minimum  is  further  eviUencr  for  the 
existence  of  the  quantum  tunneling  at  low  temperatures.  The  U»w-terapcraturc 
value  of  T2  rad  uot  be  attributed  to  rigid  lattice  values.  A minhuuui  has  also  been 
observed  for  the  nudeat  spin-lattice  relaxation  time  in  the  same  temperature 
range.  Broadening  on  wanning  for  motioaally  narrcAced  sj'Stcjns  has  also  been 
seen  in  eleclrou-spin-resonance  studies  of  color  centers  at  very  low  temperatures. 
To  identify'  the  emsteoceoflbeminiinnmof  T2  ofthr  H impurities,  we  repeated  the 
wanniug  .up  and  cooUng-dotvu  procedure  several  times.  mehrrl  the  saiujile 
aurl  recondensed  it  to  test  the  reproduribility  of  the  ineasnrements  of  Tj.  We 
made  dilfpient  ortho  concentiatiou  with  1.1'X  HD  samples.  The  e-xisteuro  of  tli- 
luiuiinum  of  Tj  of  the  HD  imiiuritie.s  was  proved  witliont  exrepiinii. 

3.  In  tlie  high-tempeiBlure  regime,  a new  inntioual  profess  heeoiurs  eSi-e- 
tivc  because  tire  concentration  of  varancii-s  ,Y|.  - cxp(-£,.//iBr)  becomes  non 
negligible.  We  have  been  able  to  fit  the  leiuperaturc  <lc|)eiKlenee  over  tbe  entire 
range  studied  using  tlie  pbonoii..  impurilou  scaticting  rate  given  above  and  a 
classical  sclf-dilfusiDn  fur  vacancies  pvni  Iry 

- 5.7  X (72| 

wlieie  the  aciivatimi  energy  £g  + Ei'  = 196.8  ± 1.4  K.  This  is  the  first  reporter! 
measurement  of  tbe  vacancy  tliffusion  for  solid  pnia-hydiogen  (very  low  ortho 
ronrentration).  EarliCT  VTOrli  was  limited  to  ortho  para  mixtures  for  0.16  < J < 
0,y(]|31-«l  HI.  31), 

The  vacancy  tunucling  process  witlr 

= Dj“expl-£i-/Ai,rj 


(731 
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cannot  bo  cxcludfttl  as  it  pvvn  an  ox’etall  fit  alnubt  identical  to  that  obiaiurd  uaiitg 
the  phonon  process  for  Dq"  = 1.9  x 10“^  cm^sec”*  and  Et  * 91  ± 10  K,  wliich 
are  to  be  compared  with  Eguer  and  Simg's  tellies  of  2 x 10"^  cm^sec”^  and  112K. 
lespcctively.  It  should  he  noted  that  for  th'ise  telues  for  the  vacaney  tunueliug, 
the  ercasoter  from  the  classical  to  the  fiunntum  regime  would  not  bat*e  been  aten 
in  earlier  experiments.  The  lotv-leinperalure  side  of  the  miniuium  cannot  ht* 
described  by  the  parameters  for  rlaasical  vacanc}-  diffusion  detenuiuixl  from  the 
high-  temperature  measurements.  The  values  for  + £i  and  for  the 

best  overall  fit.s  vary  a little  arcording  to  wlielher  the  minimum  is  intetpirterl  as 

Table  \T.  Parameieis  used  in  deacrixition  of  lemperafure  dependence  <if  T2 


° •D(«a/  = (7Jq“  + jf-Ei/fi'oT, 

^ Aasiuniitg  a tatranet'-iiiijiarity  scattering  cross  sectiuii  ir  :=  1.  in  tinits  of  Oq. 
' Refennce  27. 


5.4  Trinpereture  Di'nentlmice  of  Ti 

Tile  spin-lattice  relaxation  measiucmeiita  ws-re  eaiTietl  otit  using  a phase 
eoheient  pulse  system  ojietHliug  at  270  MHi.  90'  - ( - 00°  RF  pulse  setpieiieea 
were  used  to  deteriniue  the  T\  with  RF  fields  amplitudes  of  approximately  10 

The  relaxation  was  obscived  to  consist  of  a small  short-time  contribution 
(t  < 2iiisec],  wliicli  we  attribute  to  the  ortho-  Hj  relaxation,  and  a long-time 


component  which  we  interpret  as  the  croas-coupling  relaxation  7j  between  the 
HD  molecules  and  the  ortho-  Hi  molecules.  Fig.  33  shows  the  temperature 
depeudence  of  the  lon|-time  relaxation.  Three  distinct  temperature  regimes  are 


Figure  33.  Temperature  depeudenre  of  the  observed  nucleat  si»n-  lattice 
relaxation  of  HD  impurities  in  solid  H2  (18  -2.155  ortho).  The  solid  line 

is  calculated  for  a vacancy-induced  relaxation  if  quantum  tunneling  is  included, 
and  the  broken  line  is  the  contribution  for  classical  tunneling  alone.  The  ohsers'cd 
relaxation  is  attributed  to  cross-ielaxation  between  the  HD  impurities  and  the 
ortho-H2  molecules. 


low  tempcraluieti.  1.5 


T < 7K-  T,  h»s  only  * w-c»k  approxinmtdy 


lincu  tomporaturc  dcp«idencf*, 

2.  «l  .e...por«urrs,  T < T < IIK,  T,  through  n minimum. 


3.  *hm-e  11  K.  T,  inctossos  exponentially  with  letnpcrature  until  the  simile 

These  results  >ppear  similar  to  those  obsen-ed  for  the  spin  who  deeay  m the 
smne  sample  and  similar  smnplr«l“'  but  will,  the  Important  diKienee  that  the 
temperature  effects  of  T,  are  more  dramatic:  T,  taries  b>-  ~ 5000  m the  high 
icmperature  rcgimelTj  varies  by  - 100)  and  near  the  miuimmn  Tj  taries  by  factor 
10  {Ti  by  factor  l.G).  Tlic  citperimeutal  data  catmot  be  descriltod  m terms  of  a 
single  Ibennal  actitatiiin  energy  or  lire  cla-ssical  taeancy  motion.  We  ih.-refnrr 
inrluded  a quantum  tunneling  lertn  analogous  to  that  proposed  by  Ebnei  anil 
Simg'^l  to  obtain  an  accurate  iiuantitativc  fit.  The  best  fit  wa.s  obtained  tisiiig 

,V(TV.(r)  xc-’‘'^U  + 5i  X 


For  this  fit.  the  fotinatiuu  energy  * = OIK  and  the  potralial  barrier  height 
V = 107K.  Note  that  the  total  acitatinn  energy  is  iu  agr.-eD.ent  with  earlier 
studies.'’'-”'^*'  The  itrefaetor  of  the  clasdcij  diffushm  eoiustanl  is  given  liy 
= 4.8  * 10-’  cm^/sec  wliich  is  also  ui  good  agreement  with  previous 
tleterminations  (see  Table  VII).  The  cnleulated  T,  valmat  for  cla.siehl  vacaney 
diffusion  alone  is  shmvi.  by  the  broken  line  of  Fig.  33.  In  addition  to  the  vacancy- 
motions.  the  experimental  results  also  indicate  the  posribillty  of  i«rtiele  particle 
tunneling  at  low  temperaltires  and  thin  must  be  taken  into  account  to  oblaiu  a 
complete  analysis  of  the  data. 

In  order  to  obtain  the  fits  showa  in  Fig-  33  for  the  full  ten.peiatuie  range  we 
used  the  same  model  as  that  iuvoked  to  describe  tlic  Irebavior  of  *He  impiuilies  m 
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solid  -3J.61-631  recent  results  for  T2  studies  of  HD  in  solid 
The  lov,-  teinpersture  relaxation  is  attributed  to  partide-panirle  quajitujii  ex- 
change of  impurity  particles  (HD  molecules)  with  host  molecules  (paia-H2). 

Because  of  their  tunneling,  the  HD  iiupmitiea  are  delocalised  and  are  believed 
to  propagate  as  wave  like  excitations  (inipuritons)  at  low  temperatures.  Recent 
T2  studies*^"^**^  of  HD  molecules  in  solid  have  also  been  iiiteriireted  in  temis 
of  impurity-  particle  exebange-  HD  particles  travel  through  the  lattice  in  the 
same  manner  as  the  vacancies,  but  with  much  smalJer  exchange  frequencies.  The 
relaxatioji  occurs  via  the  utudulalion  of  ihv  magnetic  interaction  between  the  HD 
molecules  aud  the  ortho-  Hj  nioleeules  when  llic  former  are  scattered  by  ilic 
elastic  defbnnatiou  field  aroujid  the  effectively  static  orlho-Hj  nutlccules.  The 
cross 'relaxation  rate  is  gnan  b.v 

wLeie  the  effective  exchange  fiei|uency  is  related  to  the  microscoitic  excliaiige  rate 

dbyl*" 

I7C) 

for  a scativTlng  interaction  potential 

l'lU|=fo(ao/«)^^”- 

As  a result  of  Iheii  tunneling,  the  HD  impurities  are  believed  to  Itetlelocalired 
by  the  3-  particle  cyclic  permutations  at  low  temperatures.  The  iniiiimimi  io  T| 
occurs  because  on  watutiug  above  7K  the  cohetcitl  motion  of  the  mipurities  U 
iotemipledh}' scattering  of  vacancies  rather  than  by  theotrIto-H2  impitritics.  Tiir 
crossuver  occurs  can  be  estimated  fioiii  tlie  condition 


■A%(T)isi 


= i^J^/XATMT)  ii  the  iiui)uri.y-v»™i.r; 


*0  = 2Zv^.V,.(T 

= 4.4  X + * 


Figure  3J.  Comparison  of  Ihe  observed  lempeisture  depoudeiiee  of  the  nuclear 
spiii-laitiee  rclaxelioti  of  HD  impurilics  (1.15?  I in  solid  H2O  8 - 2.15(  orlho)  vnth 
the  cajcuialed  depeudunee  for  single  aetivotion;  solid  line  Ea  = 198  K-  btohen 
line  = 91K.  The  observed  relaxation  is  altribuled  to  cross-relaxation  belween 
the  HD  impurities  and  llie  ortho-  H2  molecules. 

quantum  tunnellug  lerot  and  the  classical  activation  term  in  equation  (52)  arc 
needed  to  describe  the  complete  behavior. 

The  use  of  the  value  of  the  exchange  hequency  (J/2el  determiaed  from  the 
T2  studies^^l  to  describe  the  low  temperature  regme,  gives  a qualitatively  good 
fit  except  at  low  temperatures  where  we  observe  art  apprcerimalely  linear  increase 
in  Tj  as  a function  of  T”  * from  GK  to  IK.  In  this  temperature  range  the  ortho- Hj 
Une  width  iucreases  because  of  the  slowing  down  of  the  ntolecular  reorientations 


« ia.l>m-ed  fii  in  the  Fig.  fof 
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Tnblc  \11.  \'alues  of  ihr  Pararuetpis  in  the  DiiFutinn  Constant 


’ TIiiK  fittuly 


j.5  PiT"'U"  Driimilfiirr  af  Ty 

Seteral  1.1  W HD  aajnpics  withthffercnr  onhn  ronventration^  {e.g..  2-1 K- 1.8'-^, 
0-55f.  ottho-Hj ) arre  preasurijrcl  ueing^He.  Liquid  lielimu  was  coiidcused  directly 
on  top  of  tile  H2  sample  and  the  pressure  read  bj*  a pressure  gauge  (Heiso  Mo<l<*l 
464411  external  In  llic  crj-ostat.  Tlie  converter  pot  and  the  fill  litie  above  the  pot 
were  healed  above  2K  to  prevent  solidification  of  the  *^He  for  aitplied  pressures 
P > 26  bar.  A pressure  detector  was  mcatuted  diiectly  oa  one  cud  of  the  .VMB 
cell  to  verify  that  the  pressure  was  tmnsmitled  to  the  sample  even  when  the  fill 
line  at  the  entry  to  the  XMR  cell  eoulniiied  solid  ^He. 

Let  us  now  discuss  the  para  hydrogen  sample  wSth  0.5%  ortho-  and  1.1% 
HD  molecule  first  (Fig.  32).  At  low  tciiiiteraturc.  0.1  <T  < 6.5K.  Fj  is  essentially 


icdependnu  of  l«mpproturc  Bad  significautly  loiigi^  than  the  rigid  latrira  V'ojur. 


For  dUute  HD  conoeDirations,  ibo  r'aluc  of  Ti  for  tbe  ri^d  lattice  according  to  tbc 
statistical  theory  is  (Tjjnjiif  = 8 2-Y“'  x 10"*  sec,'"’*'  where  X is  the  ortho 
coiicemialion.  Treating  the  HD  luoleculrs  as  fixed,  randomly  distributed  spiu  ^ 
nuclei  as  far  as  the  relaxation  is  coocerned,  we  find  foi  a rigid  lattice  of  1.1^  HD 
and  0.59f  ortho-h^'drogen. 


at  P = 0.  At  the  lowest  tomix'tatuies.  we  observetl  a small  a|iiuoximately  linear 
increase  in  T2  on  roofing  for  0.1  < T < O.TK.  with  ATy/TaAT  as  0.30K”'.  This  is 
believed  to  be  associati'd  with  the  queiichbig  of  the  rotational  degiees  of  freetVuii 
of  the  ortho  niolcrules  at  low  leiiipcraiurcs.  Only  part  of  the  broadened  orrlio 
Hj  NMR  apectrunj  is  then  on  speaking  Icmis  with  the  HD  spoctnmt  and  the 
relaxation  rale  is  decreased. 

At  high  lenipcraturrs.  T2  is  oitserved  to  pass  througli  a miniimmi  of  2-4fi 
ms  at  r =5  9.3K.  and  then  to  inrreasc  exponentially  with  temperature  for  0.3  < 
T < 13.5K.  The  latter  belia\-ior  has  been  inierjtreled  in  terms  of  tlie  fnrmatiiii.  <jf 
mobile  vaeancies  whirh  enhance  the  relaxation  rale  as  one  ajtproHelies  the  melting 

The  Milue  of  T2  wxrc  observed  to  decrease  .smoollliy  with  applied  pressure. 


dierenang  to  2,44  msec  for  P — 13C  bnr  (see  Table  VIII). 

pendcncc  api>ears  to  be  saturate  for  P = 150  bar  and  suggest  a limiting  vtdue 

72  %;  2.30tn.sec,  w'hirh  is  sigiiifiearitly  Irigbei  tiiaii  tin*  caleidatctl  rigid  lattice 


(T2)r„.d=0-90  msec. 


(S3) 


vrbieh  is  to  be  eoinpared  to  the  olison'ed  value 


(72),ipi  = 3.43  ±0.07  msec 


(84) 


vijue.  The  prebsure  depeiitltiire  observed  for  different  ortho  roareDtratiuiis 
e ~ 0.5.2.1.^^*  end  l.SVt  tire  similfir  with  that  we  observed  in  this  sample.  At 
low  temperatures  T — 230  inK  we  observed  a change  in  T2.  3.^  to  2.4 
for  AP  = 20  bars  for  another  sample.  The  change  is  much  larger  than  the  0.95f 
effect  expected  for  a rigid  lattice,  uang  the  experimentaj  comptessilulitiesJ'*'  Tlie 
Grueneisen  constant^*^^ 

AlnT2/41nVat2S  (85) 

is  compaialde  to  that  observed  tor  cjuantum  lunueliiig  in  solid  heliiiin. 

The  pressure  dependence  of  Tj  is  less  than  that  luedieted  by  ihesunple  inodr'l 
of  Delrieu  anti  Sullrvant^'l  and  could  be  undt'ralood  in  terms  of  a 20'X  - 30if 
overestimation  of  tile  five  voluaic  of  tltc  exchanging  particles.  Tltis  is  possible  be- 
cause (1)  HD  molecules  in  pata  byrhogen  create  a strain  fiehl  (distortion  fiehl) 
fodecrea.'c11iefixv  vulume  between  the  HD  impurities  and  the  smroimding  pin  a 
liydipgou  and  (2)  the  volunie/moh*  of  solid  HD  20.57  ce/inole  is  suialier  than  the 
voiume/mole  of  solid  Hj  23.16  and  ihetefoic  the  wiluine/moie 

of  the  samples  of  pat*  hydrogen  with  HD  impurities  ate  smaller  ibaii  pure  para 
hydrogen.  Tberefoie  the  compressibilities  of  para  hydrogen  with  HD  iinpuiitiis 
are  smaller  tlihu  the  pure  pare  Itydnigen.  It  can  be  undiTStood  tliai  iIm'  liuniel- 
ing  frequeocy  of  HD  molecule  is  hiss  than  the  tunneling  frequency  of  pure  pata 
hj'drogen  (at  the  same  order  — 1 KHa)  ami  that  tlio  tunneling  fretiuvney  of  HD 
tnolecuks  is  less  sensitnT  to  the  pressure.  Tins  could  l>o  proved  Ity  experininiis 
as  follows: 

{))  The  density  and  compressibility  measurement  s of  pata  hyilrogcn  sample 

(2)  Tj  measurements  in  the  very  dilute  HD  fonrenttation  |e.g.,  .Ypp  = 
0.lSl,-Yort/ie  = 0.1'^  ami  OJj'd ) pera-  lij'diogru  samples,  the  tunneling  tii’queue}- 


of  HD  niolocules  will  l>i:  higlier  lluin  preseiii  sample  (1.1%  HD.  0.5%  ortbo)  ami 
will  be  more  pressure  depeadcnl . The  temperature  dependences  observed  for  dif- 
ferent ortho  coucenlratiousj  = 0.5,2.1,  atid  2.5%  are  all  similar  and  scale  linearly 
with  ortho  coiicentration.^^^  We  have  analyzed  the  data  using  the  theory  of  Kuhu 
and  Totnita^^I  who  calculated  the  dependence  of  the  secular  half-width  of  the 
XhfR  absorption  of  the  correlation  time  TV  of  the  local  fields.  This  results  is 


■ir'Tj'"-  '41n2r2'' 

is  related  to  the  second  moment  5/2  by 


(^)flt  = 121ti2.U2l'^  187) 


(see  asymptotic  limit  of  Fig.  2 of  Ref.  G").  Using  their  result,  we  can  detmnine 
the  cbatactefistic  motional  frequency  rV*  using 


The  values  of  .If^Cc  obtained  from  this  an 
limiting  saltic  observed  experimentally)  arc 


tanl|(^^)2i.  (8S1 

□alysis  using  (Tylflt  = 2.3  ms  (the 
given  as  a function  of  molar  volume 


in  Table  VHl  and  Fig.  36. 
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Figure  36.  CnnipnriKin  of  tlie  vulume  dependeure  of  the  c*Jnil»ted  eurbuiige 
frequeiiej-  J/Jn.  ihcobsm-ed  rekMiiou  lime  Tm/Ti.  the  cbamcteristic  moiicmn! 
frequency  Tco/re  deduced  from  the  velupf  of  Tj-  aud  the  variation  for  a ripd 
lattice.  The  index  0 refers  to  the  values  at  P = 0. 


clearl)-  inuth  slrongcr  thi\n  ihst  of  » rigid  iMtice,  and  any  iotiTprolMliim  iif  tlie 
i^suiEs  in  icims  of  rigid  lattice  spin-spin  interactions  appears  to  be  exduiled. 

The  difference  between  Tj  and  Ft,  could  he  accounted  for  in  terms  of  ait 
overestimation  of  the  compresnonal  energv'  SC'.  It  is  possible  that  the  volume 
dependence  of  SC~  will  be  appieciable  softened  by  the  strain  Bold  around  HD 
molecules  and  the  deutnty  change  caused  by  the  difference  Iietween  the  HD  imi>u- 
ritics  and  para  hj-drogm  matrix.  There  is  need  for  a moie  detaiJed  theoiy  of  lids 
effects,  and  they  shoidd  be  tested  for  very  dilute  (*•  0.15f)  HD  and  very  dilute 
(j  < 0.5%)  ortho-  Hy  samples. 

5.6  CluMcriiH'ifthc  Ortho  Hr 

The  “aging"  effect  of  the  relaxation  time  has  Iteen  observed  in  this  work  which 
is  consistent  with  the  previnns  wmk  of  Duke  Uraversity.  The  values  of  Tj  of  a 
freshly  grorni  sajuple,  cooled  below  IK  for  the  first  time,  is  observed  to  iocresse 
by  a factor  of  approxfmalely  2.5  over  a 4S  hoin  time  scale.  This  is  attributed  to 
the  very  slow  clustering  of  ortho  molecules  into  iiiuis.  Because  the  cjuntlnip-de 
quadrupole  interaction,  to  ortho  align  in  a stable  bw  energy  Tee  conSguriition 
(axes  niutiislly  pcrpejidiculiu  ).  each  ortho  molecule  then  has  a well  defined  iutra 
molecular  interaction  which  results  in  a Hue  siruclurc  splitting  of  the  ortho  Hy 
line  into  a doublet  with  ±43  KHc  separation  on  the  Lannot  fiPiui  ncy.  The  HD 
spectrum  is  now  no  longer  on  “speaking  terms"  with  the  ^H  spectrum  of  the 
ortho  pturs  and  the  compoucats  of  the  HD  ortho  Hj  dipolar  interactions  is 
no  longer  effective.  The  linewidtb  (T^')  is  correspondingly  decreased  lij-  a factor 


CHAPTER  6 

SUMMARY  AND  CONCLUSIONS 

Solid  hydrogen  is  B remnrhnble  subject  for  study  from  both  the  theoretical  and 
ecperimeatal  viewpoint.  The  ori^n  of  this  interest  is  that  both  the  translational 
and  the  orientational  degrees  of  fieeduui  must  be  treated  quantum  ineehanirally 
in  order  to  properly  imdcrstand  the  fundaiuental  properties  of  the  solid  hydrogen 
at  low  temperatures.  The  molecular  centers  of  mass  are  only  weakly  localieed  with 
respect  to  quantum  fluctuations  because  of  the  relative  weak  binding  forces  and 
the  small  molecular  mass.  Tlie  rnt*  deviation  « O.lSffo  wlierr  R(,  is  the 

nearrst  ueighitor  separation.*^'*-’*  As  a rcsidt  of  this  zero-point  UKUion,  there  is  an 
appreciable  ovetlap  of  the  was-e  functions  of  mnleculcft  on  ucigliboring  lattice  sites 
and  this  allows  defects  such  as  isotopic  impurities  (HD)  and  tacanrics  to  exchauge 
posilioDS  with  nearest  neighbor  para  H2  molrculcs  in  the  para  bydrogrn  CT^'stal 
{i.e..  IcTA'  concentration  nrtlro  and  low-  concentration  HD  iuipurilies).  Impu- 
rity  tunneling  of  this  land  has  been  reixirtcd*^'^'**'^*  for  ^He  impurities  in  solid 
hep  ‘He  where  the  quantum  delocalization  is  rigiiifleanily  lirgher  than  b found 
for  sebd  Hj.  O.SOHq  (®*  Hie  lowest  density}.  Analyses  of  thr  detailed 

structures  of  the  nuclear  magnriirally  urileied  stales  in  solid  ^He  liuvc  led  to  thr 
conclusion  tirai  there  are  signiflcaiit  three-  and  four  -particle  cyclic  pcrinutatiniis 
in  addition  to  Iwo-iiarticlo  permutations.*®*  The  exteosiun  to  solid  para  hydro- 
gen [another  family  member  of  the  quantum  ciy-slals)  of  tlie  mu]lipU-.]iart.iele 
exelomge  model  and  more  detailed  calculation-s  were  carried  out  bj*  Delrieu  and 
Sullivan,****  in  wiiirh  the  multiple  • particle  exrliaiige  process  can  be  under'tiooil 
if  the  exchange  rate  is  drtermiued  by  tlie  aiailable  free  volume  lor  pemiuling  the 


pRTliclfR  ia  Ihe  solid  pure  hydrogwi.  This  model  predirts  on  tmexpectediy  large 
tluee  particle  exfheuge  rale  (at  the  order  of  1 KHc)  in  hep  para  Hj  at  normal 
densities  (P  = 0).  decreasing  to  -*  100  Hz  for  applied  pressures  P — 100 
Earlier  modelsi~i  based  on  two- particle  exchange  calculated  from  the  overlap 
of  Gaussiim  wave  funetioos  predicted  J 10”'  — 10“^  Hz.  The  difference  in  4 

impurity)  provides  a severe  test  to  the  multiple  c}*elic  exchange  niodei.  Previous 
experiments  have  shou-u  that  the  \MR  line  tvidth  of  tlie  HD  impmities  is  smaller 
(b>-  a factor  of  approximalcly  5)  than  the  calculated  rigid  lattice  lincu-idlli.'*l  It 

ties  and  the  presstue  dcjieuHcnc e of  the  HD  linesliape  for  the  solid  para  iii’ditigen 
in  order  to  distinguish  between  motional  namavlug  due  In  tunneling  anti  an}* 
poEuble  uncertainties  in  the  ralcttlation  of  the  linewidlh. 

In  the  same  manner  as  HD  impnrities,  the  vacsmri'‘s  in  para  Hz  solid  travel 
through  the  lattice  with  much  higher  exchutge  firtineneies.  because  of  the  low  ac- 
tivation energy  wliich  is  typically  three  ttrdets  of  raagniturle  higher  than  particle- 
particle  exchange  rates.'^-^'^*^**'  Vacancies  exist  in  the  solid  para  lij’dmgen  at 
funic  tempemlDrrs.  The  concrniialion  of  \acancy 

.V,.  K (80) 

u’hciT  O,.  is  the  formation  energy  of  vacancy.  Because  of  the  existence  of  two 
bomid  states  cd  the  tacancy'^^  them  exist  lux*  different  kimb  of  taraiicy  mt>tiun.s 
as  follows:  (1)  classical  hopping  over  the  potential  barrier  wluch  dumillHl*‘.s  tlie 
high  temperature  domain  and  (2)  the  quautiun  Ituuieliiig  wliieb  conserves  cnerp* 
(tile  actiration  energy  is  just  <h,.  the  tacaucy  fonnaiiun  energy)  and  whidi  sbtndd 
dominate  the  vacancy  motion  at  low  temperature  ilomain. 


05 

Tlirtcfore  the  dilTu&ioa  coDStniit  for  the  quantum  cO‘t>tal  u-ill  in  genoial  be  of 
the  form 

^(2-)  /Asrp?-  _^£)t;a.*j-l  /A-Brj  (go, 

where  ie  the  diffusion  conatiutt  of  qiiimtuin  tunneling,  Dq°“  is  the  diffusion 
constant  of  classical  hopping  1'  is  the  potential  banicr. 

A single  activation  energt'  will  not  be  a adequate  over  the  full  temperature 
range.  Ebncr  and  Sung^^*  have  estimated  tltat  the  crosatner  from  classical  activa- 
tion to  tfuauluiu  tunneling  will  oceor  for  vneancies  in  solid  below  apprtntimateb' 

UK,  but  this  was  not  seen  in  earlier  studies.l^'-’''^-’’-"' 

The  presence  of  quantum  timoeling  can  be  determined  bt'  comparing  NMR 
studies  with  x-ray  measurements.  X-rs^'  studies  measure  vacancy  conren- 
tralicms  .Vy(r)  = cxp(-0,.//v*gT)  while  NMR  studies  measure  the  pnxhict 
,Vi(7)wi-(r)  where  -Ji'fD  is  tile  characteristic  ntotiuital  frequency  for  the  va- 
cancies. -X'ffJ'lu.'rIT')  varies  as  expj— (<J>  -t-  Vj/A'^r]  foi  classical  activation  atid 
as  cxitl-dy/^t  ^or  ciuautuiu  tunneling.  Such  a cuniparisuu  for  bee  ^He  has  led 
to  the  conclusion  that  tacajicies  move  by  quantum  tmmcling  iu  low  deosily  .solid 
3H<.1«-711 

In  addition  to  testing  the  multiple  excltauge  model  the  seeoud  aim  of  this 
dissertation  is  to  present  new  data  for  vacancy -induced  nuclear  spin-lattice  relax- 
ation in  solid  pam  -hyrlrogeu  (low  ortho  concentration  — l5C).  The  cxiierhneutal 
conditions  were  chosen  so  that  tlic  vacancy  motion  could  he  stitdiisl  at  teniiwra- 
tures  significantly  lower  than  those  of  ptevioav  inv-rstigations  at  high  frrtxuenciea 
(26S  MHs(  wliich  provided  a better  seusilivity  and  thus  tost  for  tliC  existence  of 
qunjilum  tunneling  at  lower  tetnpeiaturcs. 


Ip  conclu^n,  m«BSurem«nts  of  tbe  nurleax  apin-spin  rol&xatinn  tines  Ti  of 
HD  impurities  in  carefully  annealed  crystals  of  para  hydrogen  sbtnv  strong  evi> 

lute  indepeodcot  at  lou'  temperatures  (corresponding  to  a motionally  narroned 
line  shape  a factor  of  5.4  smaller  than  the  rigid  lattice  value)  and  passes  through 
a minimum  at  approximately  9.2K,  which  is  attiibuted  to  scattering  bj-  vacancies 
(or  phonons)  which  interrupts  the  coherent  quantum  tujmehiig  of  the  HD  impu* 
rities.  The  tunneling  frequency  of  HD  impurities  in  solid  para-  hydrogcii  is  found 
to  he  Ji  = 1.54  KHs  ± 0.05  KHz  whirh  is  consistent  with  the  prediction  that 
Jl  is  at  the  order  of  magnitude  of  1 KHz  by  the  calculation  provided  hy  Dclricu 
and  StUhsant'IJ  wlio  extended  the  multiple  eyclic  exchange  nioslel  to  the  -soliil 
para-iydrugen.  The  pressure  dependcocc  inrasurcmonts  of  the  mielcar  spin -spin 

rowing  wliich  is  strongly  pressure  dependent.  A 29'/f  decreasing  (0-0‘/f  for  rigitl 
lattice]  of  Tj  (related  to  tuuneling  frequency]  is  ohsetwd  hy  an  apitlierl  pressure 
P = 136  bar  in  comparison  with  the  T2  value  of  P = 0 bar  in  a para-hydrogen 
sample  (0.59<  ortho,  1.191  HD).  In  ronsistenry  with  llie  above  nteasumnmt . a 
23'X  decrease  (0.551  for  rigid  lattice)  of  T2  is  observed  Ibi  a diffetnii  sauiide  (2.19! 
ortho.  1.1%  HD)  at  P w 20  bar  in  comparison  with  P = 0 bar,  which  is  inucli 
larger  than  the  0.9%  effect  expected  for  a ligid  lattice  using  the  experimental 
coniptessibilities.*^  Therefore,  any  ripd  lattice  model  is  unable  to  explain  the 
quajitiim  effect  of  HD  impurities  in  sohd  para-hj'drogen.  The  Gruneism  con- 
stants (Ain  Tz/Alu  V)  are  31  and  28  respeclivel.'- for  the  above  two  samples  which 
is  comparable  to  that  obstTvetl  for  quantum  tuimeliog  in  sohd  helium. 


Th€  pressure  dependence  for  72  less  than  that  predicted  by  the  »mp|e 
model  cf  Delrieu  and  Sullivan  which  may  be  imderslood  in  terms  of  a 2(B5  - 3O0( 
overestimate  of  the  free  volume  of  the  exchange  particles.  This  calculation  may 
he  improved  by  considering  the  following: 

(1|  The  HD  impurities  in  a para-hydrugen  matrix  form  a strain  Reid  (dis- 
tortion field)  to  decrease  the  free  v-olumc  between  the  HD  impurities  and  the  sur- 
rounding para-hydrogen.  The  tunneling  frequencies  of  HD  impurities  are  there- 
fore slightly  smaller  than  the  timneling  frequencies  of  para  -hydrogen  molecule  at 

(2)  The  volume/mole  of  solid  HD  is  smaller  than  solid  para  hydrogen  and 
therefore  the  para-hydrogen  sample  with  HD  impurities  is  denser  than  tlie  pure 
para-hydrogen  w-ithoul  HD  impurities  at  7 = 0.  Hence,  the  pressure  dependence 
of  the  compressiliUjly  of  the  sample  with  impurities  will  he  smaller  than  that  of  a 
sample  without  HD  im|mrities  (with  tire  same  conrentration  of  ortlio-H2f.  This 
can  be  used  to  luidetslantl  why  the  pressure  dependence  observed  is  lower  than 
the  prediction  of  Delrieu  and  Sullivan.  The  details  of  this  need  to  be  pursued 
theoretically. 

To  lest  this  modification  to  the  calculations  of  Delrieu  and  Sullisiui.  we  suggest 
that  Ty  titeasuremcnts  and  ptcs.sure  dependence  teats  may  need  to  be  catTiixi  out 
at  very  dilute  (e.g„  O.lSf  HD  and  0.151  - 0.55?  ortho)  para  -hydrogen  sarajile. 

Me  har-e  also  found  that  the  eorjeentration  (ortho-  Hj)  dependence  of  T2  is 
consiateni  with  the  theory.  The  temperature  dependences  observed  for  dilftTeuI 
ortho  coneeotratioiLs  r = 0.5. 2.1  and  2.5'^  are  all  similar  and  scale  linearly  with 
ortho  concenlratioD  and  have  heett  reported  elsewhere 

A very  weak  but  smooth  temperature  dependence  is  seen  at  low  teruperatures 
with  Ti  increasing  from  1.7  to  2.6  ; 


c.  as  T is  lowered  from  4.5  to  0.16K.  This  is 


nol  quantitati^v]}*  understood,  but  any  thermal  itrofess  that  deatroj’s  the  eolietent 
luotioD  of  the  impurities  urtuld  account  for  this  weah  temperature  dependence. 


APPENDIX 


LOCAL  ORDERING  IN  DILUTE  ORTHO-PARA-HYDROGEN 
MIXTURES  AT  LOW  TEMPERATURES 

We  h.ve  carried  oul  a systematic  investigation'’®-”'  (Fig.  37  and  Fig.  38) 


nation  of  the  “glass  order  parameter"  for  dilute  solid  ortho-para  mixtures  down 


Figure  37.  Temperature  dependence  of  the  intramolecular  second  moment  A/2 
for  an  ortho  concentration  .V  = 235f  (above  percolation).  (The  soUd  and  broken 
linM  serve  only  as  guides  to  the  ey-e.) 


The  results  indicate  that  there  is  a progressive  freering  of  the  orientatioiiaJ 
degrees  of  freedom  of  the  ortho- H2  molecules  a«  the  samples  are  cooled.  The 
qualitative  picture  of  a glasslike  phase  with  both  the  tocal  symmetry  axes  and  tlie 
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APPEXDIX  B 


UNUSUAL  LOW- TEMPERATURE  EFFECT  ON  THE  NMR  LINE 
SHAPES  IN  SOLID  HYDROGEN 

Thr  NMR  abiiorptioD  bne  sbappRui  solid  hydroK«ud)*vflopa  disfiurtivsas^Tii* 
metiy  in  the  presence  of  an  appreciable  nuclear  spin  poiariaalionJ^^^  This  asym- 

polarisation  needs  to  be  taken  into  conjudecation  in  order  to  oblaiii  a reliable 
determioation  of  the  molecular  orientational-order-parameter  disiributiou.  Tire 
inlenaily  of  an  NNfR  absorption  line  depends  on  the  population  difference  of 
adjacent  Zeeman  letels.  while  the  fieqiiency  of  obsoqrlion  is  pveu  bj-  tire  split- 
ting between  llnrse  levels.  Ortlio-Hi  lias  three  Zt'emau  levels  correspoudiug  (o 
f;  ~ Q.±l.  and  therefore  two  NMR  absoiptiou  lines.  The  rt'lative  inlennty  of 
these  two  Imiisitions  is  psTn  by 


^-1. 


- wexp(-fi-io/Aair). 


191) 


where  is  tlie  level  splitting  and  wg  is  thr  Lamiur  frequency.  In  the  high 
temperature  hniit  J\qT  » the  two  ItHiisilioirs  are  of  equal  intensity  and 
each  intensify  is  inversely  proportional  to  the  temperature  (the  "ouclenr  Curie 
Law"  I.  At  high  spin  polarirations,  however,  the  iuten-sities  arc  no  icorger  equal 
and  if  tire  frequencies  are  different,  this  can  he  seen  cxirerimentally  (Fig.  39.  Fig. 
10  and  Fig.  41). 

These  conditions  are  satisfied  for  solid  H2  at  low  temperatures.  The  spliniiigs 
between  the  Zeeman  lesrla  are  perturbed  Iry  the  intramolecular  nuclear  diixilc  ■ 
dipole  Interactions.  If  the  molecules  are  free  to  rotate  (at  high  lemperaturt-s), 
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ABSORPTION  AMPLITUDE 


too 


' Uoe  is  : 


Figure  40.  Asjuinietrj'  fflclor  [A  cooveuienl  measure  of  the  intensilies  bI 
the  maxiiimm  positive  and  o^ative  slopes  of  the  line  shape.)  for  .V  s 23^. 

dashed  curve  illustrates  the  variation  for  i thermal  graieni  TT  = S luK/D  at  40 
luK  (for  a sample  geometry  with  D = 0.1  mm). 


ABSORPTION  AMPLITUDE 
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Figure  41.  Compaxiuu  of  obsened  asymmetrical  line  sliapr  ( + } with  llie 
calculated  shape  [solid  Hue]  for  the  order  parameter  distribuLioD  P{a)  sliorro  in 
the  inset.  The  broken  Hue  iu  the  iosel  refers  to  the  P{o}  deduced  in  earlier  work 
{Ref.  74)  which  neglected  polarization  effects. 


2.  A.R.  Allen  and  M.G.  Richards.  Phys.  Utt.  65A  3«,  (1976). 

3.  A.R^Men.  M.G.  Richards  and  J.  ScUratter,  J.  Lo«  Temp.  Pli,i*.  30  137. 

5.  R.A.  Gu>-er.  Solid  Stale  Phys.  23.  413  ( 1969). 

7.  W.P.  Kirk  and  E.D.  AcUmi.  Pbys.  Rev.  Lett.  27.  392  (1971). 

8.  J.H.  Hetheiingtoii  and  F.D.C.  WiUaid.  Ph.v».  Rev.  Lcii.  3S.  1442  1 107S). 

9.  M.  Roger.  ,1.H.  Hetlie.ington  ami  J.M.  Deldeu.  Rev.  .Mod.  Pli.v«.  S3.  1 

10.  M.  Roger.  Phvs.  Rev.  D 30.0342  (1984). 


‘ S,  “istiii'iS- * 


s.  D.  Levesque  and  L.  \'i 


R.  Oyjinmi  sad  3.  Vsu  Kniu« 
R.W«ji.ier  and  H.  Mcj-er,  y.  In 


J^E.^Sacco.  A.  Wildom,  D.  Lnrkc  and  HG.  Ridiards,  Phys  fiav.  Let!,  37, 

&Si,S£i^iS,;S5iSsi;Ss'S:r ' 
f.i.f.T'™:-;:  “Sb.'’""  ■' " '■ * 


F.  W«ni,au»,  H.  Mej-ar,  S.M.  M>t«.  and  A.B.  Harris.  Wy.-,  R,-v.  B 7 2000 

M.  BJoom.  Piivajca  23.  7D7(10u7|. 

A.B.  Harris.  PJ.ys,  Rav,  B 2,  3403  (107Q|. 

G. W.  Smith  and  C.F.  Squira.  Phyf.  flav.  111.  ISS  (1B58|. 

Y.^^Kim.  J.S.  Park,  C.M.  Ed»-arck  and  N.S.  SidUt'sii.  Cr.vogctijcs  27.  438 

Model  CGR-I-3000,  Lake  Shore  Ccjolronica,  Culumbas,  OH  43229. 

:ls;  2raes3si!^^  •“ 


BIOGRAPHICAL  SKETCH 


Oawei  Zhou  is  8 graduAte  of  Beijing  Fourth  Middle  and  High  School  of  China. 
He  paased  the  National  Entrance  Examiuation  and  tvas  admitted  by  Qinghua 
Univeraily  (Beijing),  o'hich  is  one  of  the  best  engineering  universitlea  in  Gtiiia. 
He  graduated  in  1970  with  a major  in  nieraUur^'  and  niechanism  from  Qiiigliua 
University. 

From  1970  to  1978,  he  worked  as  an  engineer  in  the  Xingtai  Steel  and  Iron 
Faaoiy  and  in  the  experimental  factoiy  of  the  Cliiiiese  Academs-  of  Sciences  of 
Railways.  During  that  period,  he  designed,  repaired,  construcletl.  and  iiisrallerl 
sunre  macitines  and  iron-smcltliig  furnaces;  he  also  worked  on  smelriug  rbfferouT 
ellcg-s  and  casting.  He  was  adnuited  to  North  Iranspottatiotr  University  to  study 
electrical  engineerurg  for  one  year  from  1978  la  1979.  He  was  tbeii  admiltixl  as 
a gradtiale  studeitl  by  the  Graduate  Sdiool  of  ilie  Chinese  Acarlemy  of  Scienres 
and  the  Beijing  Physics  Institute  of  tlio  Chinese  Acaderrtj'  of  Seieiices  after  lie 
passed  the  Graduate  Entrance  Exarniuarion  in  1079.  His  advisor,  Guaii  Wei  I'an. 
was  a wcll-knotvii  researcher  in  supercondortivity  and  was  a graduaic*  student  of 
Ka^ntza.  Mr.  Zhou's  master  lliesis  title  was  “The  Effect  of  H-Ion  luiirliuitatiori 
to  the  Rapidly  Quenclied  Al-Si  Alloy  Superconductors."  During  tliat  liiniv  he 
received  six  atbnisdons  with  fellowsliiits  or  assistaniships  from  graduate  schools 
in  the  United  States.  He  accepted  admission  at  the  Uitiverxity  of  Florida  because 
he  knew  tliat  tltis  tmiveruty  was  on  the  top  level  of  tlie  low  temperature  physics 
research.  Tlie  day  after  he  defended  Ins  master's  thesis,  January  20,  1982,  he  flisv 
to  the  United  States  and  then  landed  in  Gainestdlle.  Florida. 


109 


Mr.  Zhou  st&rtod  part-lim?  resesrch  io  Dr.  N.5.  SuUir'aii‘&  labororor}'  in  the 
{all  of  1084,  and  after  passing  the  qualifying  examinations,  he  was  kindly  admitted 
to  Dr.  Sullivan's  research  group.  Since  then,  he  has  mainly  worked  in  the  field 

\lr.  Zhou  said  tliat  the  future  is  a long  road;  VF  is  his  new  starting  point.  He 
has  made  his  stay  at  UF  a pleasant  and  rewarding  experience;  he  w*ill  never  forget 
the  spirit  of  devotion  to  science  and  the  cooperative  manner  with  colleagues  and 
students  at  the  Ilnjveisity  of  Florida. 


1 certify  thBi  I hive  rtid  this  study  uid  thii  in  my  opinion  it  conforms  to 
acceptable  standards  of  schoUiiy  pisseniatitm  and  is  fully  adequate,  in  scope  and 
quality,  as  a dissertation  for  the  degree  of  Doctor  of  Philosophy. 


NeU  S.  Sullivan.  Chair 
Professor  of  Physics 


I certify  that  I have  read  this  study  and  that  in  my  opinion  it  ctmforms  to 
acceptable  siandaids  of  scholarly  presentation  and  is  fulJy  adequate,  m scope  and 
quality,  as  a dissenation  for  the  degree  of  Doctor  of  Philosophy. 


E.  Raymood  Andrew 
Graduate  Research  Professor  of 
Physics 


I certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presemabon  and  is  fully  adequate,  in  scope  and 
quality,  as  a dissenation  for  the  degree  of  Doctor  of  Philosophy. 


I certify  that  I have  read  this  study  and  that  in  my  (pinion  it  conforms  to 
acceptable  standards  of  scHolariy  presentation  and  ia  fully  adequate,  in  scope  and 
quality,  as  a dissertadon  for  the  degree  of  Doctor  of  Philosophy. 


J.  Rriien  Buchler 
Professor  of  Physics 


I ceni^  (h«i  I have  read  this  study  and  ihai  in  my  opinion  ii  conforms  lo 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and 
quality,  as  a dissenadon  for  the  degree  of  Doctor  of  Philosophy. 


Siepheii  E.  Naglcr 
Associae  Professor  of  Physics 


I ctrti^  that  1 have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  piesentation  and  is  fully  adequate,  in  scope  and 
quality,  as  a dissertation  for  the  degree  of  Doctor  of  Philosophy. 


Katherine  N.  Scott 

Professor  of  Nuclear  EoginecTing 

Sciences 


This  dissenadon  was  submitted  to  the  Graduate  Faculty  of  the  Department  of 
Riysics  in  the  College  of  Liberal  Arts  and  Sciences  and  to  die  Graduate  School  and 
was  accepted  as  partial  fulfUlmeni  of  the  requirements  for  the  degree  of  Doctor  of 
Philosophy. 


n.  Graduate  Sdiool 


